Aluminium in AMD streams on the Stockton Plateau:  is dilution a management solution? : a dissertation submitted in partial fulfilment of the requirements for the degree of Master of Applied Science (Environmental Management) at Lincoln University by Waters, Alex Sean
 
 
 
 
 
 
 
 
 
Lincoln University Digital Dissertation 
 
 
Copyright Statement 
The digital copy of this dissertation is protected by the Copyright Act 1994 (New 
Zealand). 
This dissertation may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 
 you will use the copy only for the purposes of research or private study  
 you will recognise the author's right to be identified as the author of the dissertation 
and due acknowledgement will be made to the author where appropriate  
 you will obtain the author's permission before publishing any material from the 
dissertation.  
 
  
 
 
Aluminium in AMD Streams on the Stockton Plateau;  
Is Dilution a Management Solution? 
 
______________________________ 
 
A dissertation                                    
submitted in partial fulfilment of the 
requirements for the Degree of           
Master of Applied Science      
(Environmental Management) 
 
at 
Lincoln University 
by 
Alex Sean Waters 
 
______________________________ 
Lincoln University 
2011 
 
i 
 
Abstract of a dissertation submitted in partial fulfilment of the requirements 
for the Degree of Master of Applied Science 
Aluminium in AMD Streams on the Stockton Plateau;  
Is Dilution a Management Solution? 
By 
A.S.Waters 
Acid mine drainage (AMD), has had detrimental effects on water quality and ecology in the 
waterways of the Stockton Plateau, site of New Zealand’s largest open-cast coal mining 
operation. This has been partly attributed to elevated Al concentrations. Chemical analysis, 
geochemical modelling and macroinvertebrate sampling, was undertaken in T35, T31, 
Herbert and Cypress Stream waters, and the Mt Frederick quarry lake water in order to 
ascertain Al concentration and speciation, as well as ecological impacts. The effectiveness of 
dilution as a long term, environmental management strategy for low volume, AMD 
waterways, was investigated with experimental dilutions and geochemical modelling.  
Sulphate concentrations provide a reliable indicator of AMD impact, and in the waterways 
studied, ranged from 2.18mg/L in un-impacted waters, to 217 mg/L in the most affected 
samples. In those streams without AMD impacts, pH ranged from ≈5.0- 6.0 and dissolved 
aluminium concentrations from 0.10 - 0.27 mg/L. In AMD impacted waters, pH=3.4 - 6.6 and 
dissolved Al=0.37 - 27 mg/L, although this is reduced to 0.03-0.08 mg/L in high pH samples 
(>5.6) where Al-hydroxide precipitation has removed dissolved Al.  
Al speciation and toxicity is highly dependent on pH, and the presence of complexing 
ligands. The free ion Al3+, is considered to be the most toxic Al species and was predicted to 
dominate in samples with pH =3.8- 4.8. At pH<3.9, toxicity is mitigated by formation of the 
AlSO4
+ complex, in high SO4 samples. At pH>4.8 fulvate and/or hydroxide complexes were 
predicted to dominate speciation and toxicity to decline, although at high pH, Al-hydroxide 
precipitates may have a detrimental ecological effect. The variable strengths of Al-
complexes explained the different dissolved Al concentrations obtained from the two 
analytical methods used; the ICP-mass spectrometry method involved an aggressive acid 
preservation step (pH≤2), and provided a measure of ‘total dissolved Al’, while the on-site 
HACH Aluminon colorimetry method did not require sample preservation and did not 
appear to break down strong Al complexes during the analytical procedure, measuring free-
ion and weak complexes only. This results in the Aluminon method providing a better 
measure of bio-available Al concentrations.  
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Macroinvertebrate taxa and EPT richness provide a good indication of AMD impact. Both of 
these ecological variables identified a dissolved Al threshold, above which taxa richness 
declined rapidly. The ICP-MS dissolved Al threshold was 0.6mg/L, however the toxic 
component will vary according to water chemistry. The Al3+ threshold was 0.42 mg/L and is 
consistent with an Aluminon method dissolved Al threshold of 0.5mg/L. 
Dilution with circum-neutral pH waters, such as those of the Mt Frederick quarry lake, to 
remediate small volume, AMD impacted drainages such as Herbert Stream is feasible, but 
presents significant challenges. The degree of dilution required depends on the 
environmental targets selected, with dilution to 85% or 95% quarry water, required to 
achieve the Al3+ and ICP-MS dissolved Al thresholds respectively. Dilutions above 85% quarry 
water are likely to precipitate Al-hydroxide. Significant changes in Al speciation and hence 
toxicity resulting from minor changes in dilution, present significant challenges for managing 
variable flow regimes. 
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Chapter One 
Introduction 
1.1 The Environmental Effects of Mining 
Mining has long been perceived, often with good reason, as being a source of serious 
environmental problems (Sengupta 1993), and the scrutiny and regulation of the sector has 
increased markedly over recent decades (Maxwell & Govindarajalu 1999). The exact 
environmental impacts depend on the type of minerals being sought, the environment they 
are sought in, and the mining methods used, however in general, mining impacts can be 
clustered into two broad categories; physical and chemical. Physical impacts are often the 
most obvious, especially in the case of open-cast mining, with often complete removal of 
large areas of vegetation, soil and overburden, dumping of waste rock, blasting and the 
building of road networks. The resulting effects on resident ecosystems, air and water 
quality and landscape aesthetics are hugely significant (Sengupta 1993, Azcue, 1999). 
Chemical impacts and toxicity effects are perhaps less immediately obvious, but also more 
pervasive, often occurring kilometers from the mine site (eg: Soucek 2003) and persisting 
for many years after mine closure (Sengupta 1993, Cravotta 2008). Of these, the drainage of 
acidified water, rich in dissolved metals, from historical and current mining operations, 
particularly coal mining, is one of the most persistent pollution problems affecting 
industrialised nations (Sengupta 1993, Nordstrom and Alpers, 1999). It has been estimated 
that the worldwide cleanup costs of drainage and solid waste issues at abandoned mines 
are in the order of tens to hundreds of billions of dollars (Cravotta, 2008) 
The Stockton Plateau, approximately 25 kilometers north of Westport on the West Coast of 
the South Island (Fig 1.1), is the site of New Zealand’s largest open cast coal mine, operated 
by Solid Energy NZ Ltd. The extraction of coal began there in the 1872 and approximately 33 
Mt has been extracted since that time. Production increased with the start of open cast 
mining in the 1950’s and 15Mt has been extracted since 1980 (Lindsay et al, 2003), with 
between 1.5 – 2 Mt of bituminous coal being taken annually since 2002 (PCE 2009). Acidic 
drainage from the excavated overburden and from historic mine workings has had a severe 
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effect on local waterways and is a major environmental liability for Solid Energy (Lindsay et 
al 2003, Trumm et al 2008). 
 
Fig 1.1 The location of Stockton coal mine in the South Island of New Zealand. 
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1.1.1 The Generation of Acid Mine Drainage  
Sulphide minerals such as pyrite (FeS2) are common in the mineral belts exploited during the 
mining process. These minerals oxidise on exposure to air and water to create acid drainage 
which leaches metals from the surrounding rock as it drains into local waterways (Black et al 
2005). This process occurs naturally as acid rock drainage (ARD) but is hugely accelerated by 
mining activities due to the greater accessibility of air and water to the sulphide bearing 
rock and the increased surface area of sulphides exposed in mine workings and wastes 
(Nordstrom and Alpers, 1999). This mining related ARD is referred to as acid mine drainage 
(AMD). 
The exposure of pyrite to oxygen and water can result in a number of iterative reactions 
leading to the overall reaction below which results in the production of hydrolysed iron and 
sulphuric acid. 
FeS2 + 15/4O2 +7/2H2O = Fe(OH)3(s) + 2H2SO4 
 (Azcue 1999, Nordstrom and Alpers, 1999) 
Water moving through or over the host rock may then incorporate these acid products, 
producing acidic water with lowered pH and resulting in the dissolution of carbonate, oxide 
and aluminosilicate minerals in the host rock. This process produces elevated 
concentrations of the metals released from these minerals (Cravotta, 2008). 
The degree of acid production in a given mine setting is a result of many factors including 
pH, temperature, hydrological variables, geology, microbial activity and mining practise 
(Sengupta 1993, Nordstrom and Alpers 1999, Jennings 2008). The form of the oxidising 
pyrite can also play a significant role with framboidal forms in which the pyrite resembles 
‘raspberry–like balls’ producing a significantly higher rate of acid generation than coarse 
euhedral pyrite (Sengupta, 1993). The migration of the acidic water to a receiving 
environment such as surrounding waterways, is also controlled by many variables including 
climatic and hydrological factors, mine waste permeability and the occurrence in the host 
rock of acid neutralising minerals such as carbonates (Sengupta 1993, Azcue 1999). Where 
acid generation exceeds the neutralising capacity of the host rock, mineral leaching may 
Chapter 1-Introduction 
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result in acidic waters with elevated concentrations of contaminants draining into 
surrounding waterways. These may include metals such as iron (Fe), aluminium (Al), 
manganese (Mn), copper (Cu), zinc (Zn), associated trace metals, and non-metals such as 
silica (Si) and sulphate (SO4) (Sengupta, 1993, Soucek, 2003, Cravotta, 2008). 
1.1.2 The Environmental Implications of Acid Mine Drainage 
The environmental effects of AMD on waterways and their ecology can be profound. Both 
the acidity and contaminants have effects which have resulted in the death of large 
numbers of fish and benthic organisms, harm to livestock, destruction of crops and the 
rendering of large stretches of waterways unfit for any beneficial purpose (Nordstrom and 
Alpers, 1999, Soucek 2008). In New Zealand for example, AMD affected drainages are 
commonly reported to have very low macroinvertebrate populations and few or no 
surviving fish communities (eg; Harding 2005, Trumm et al 2008,). Despite occasional 
species demonstrating remarkable tolerance to both acidity and high metal concentrations 
(eg; Winterbourne, 1998), taxanomic diversity is usually low (Harding, 2005).  
The mechanisms by which AMD impacts aquatic ecology are complex, much studied and can 
be broadly clustered into three areas; acidity, contaminant concentration and habitat 
disruption by precipitates. A lowered pH can disrupt osmotic balance, reduce the availability 
of inorganic carbon and increase the toxicity of metal species present. Metal 
concentrations, where elevated above optimal or tolerable levels, can have a direct toxicity 
effects often by affecting ion-regulatory processes, while metal hydroxides, especially of Fe 
and Al, commonly precipitate as pH increases, especially where AMD water mixes with more 
circum-neutral receiving waters (Nordstrom and Alpers, 1999, Harding and Boothroyd 2004, 
Harding 2005, Black et al 2005, Jennings et al 2008, Cravotta 2008). These precipitates may 
coat stream bed-surfaces with direct precipitates or settled flocculants, reducing habitat, 
and spawning substrate, and reducing the availability of feeding sites (Harding and 
Boothroyd 2004, Cravotta 2008, Jennings et al 2008). Such precipitates may also have a 
direct toxicity effect (Soucek 2003).  
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1.1.3 Acid Mine Drainage on the Stockton Plateau 
The coal at Stockton occurs as part of the Eocene fluvial and marginal marine deposits 
known as the Brunner Coal Measures (BCM) (Hughes et al 2007), which consist of coal 
seams (Fig 1.2), mudstones and a characteristic, thick (up to 35m), upper quartz sandstone 
which forms distinct outcrops and pavements on the Plateau (Fig 1.3). The BCM’s rest 
unconformably on a Paleozioc basement of greywackes, gneiss and argillites, and are 
overlain by, and interfinger with, the Eocene marine deposits of the Kaiata Mudstone 
formation (Trumm et al 2008). Coals formed in marginal marine settings, such as the BCM’s, 
typically have high sulphide contents (Black et al 2005) and the reworking of sediment in 
this environment is unfavourable for the formation of acid neutralising carbonate minerals 
(Pope et al, 2006). In addition the basal rocks of the overlying Kaiata Formation are rich in 
sulphides, commonly in framboidal form (Hughes et al 2007). As a result the BCM’s are 
known to produce greater amounts of AMD than other New Zealand coal deposits (Black et 
al 2005, Trumm et al 2008). 
 
Fig 1.2  Brunner Coal Measures exposed below Mt Augustus.  Note bituminous coal bed at 
the bottom of the cut. 
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Fig 1.3 Outcrops showing the thickness of the distinctive quartz sandstones of the upper 
Brunner Coal Measures in the incised Herbert Stream. Note the flat pavements of 
the sandstones upper surface which are characteristic of much of the Stockton 
Plateau (see also Fig 2.2). 
This geological setting, as well as organic acids from vegetation, has meant that the waters 
draining the Plateau are naturally acidic, with a general background pH of around 5.0 (Kitto, 
2009) and measurements as low as pH=3.5 recorded in stream unaffected by AMD (Lindsay 
et al 2003, Black et al 2005). However, historic and current workings, in particular the 60 Mt 
of high sulphide BCM overburden that has been excavated and placed in waste rock piles at 
Stockton since the 1950’s, have produced a legacy of low pH and high concentrations of Al, 
Fe, Ni, Zn and SO4 ions in the waterways draining the mine licence area (Lindsay et al 2003, 
Black et al 2005, Trumm et al 2008). The effects of this AMD as well as increased suspended 
sediment, on the aquatic ecosystem of the main drainage, the Ngakawau River, and its 
affected tributaries has been catastrophic. Fish, crayfish, and eels are virtually absent 
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(Trumm et al 2008, PCE 2009) and macroinvertebrate taxonomic richness and abundance is 
severely reduced, with taxa often limited to a few acid and metal–tolerant species 
(Winterbourn 1998, 2000).  
Of the metal contaminants in Stockton AMD, Al is elevated above ANZECC (2000) 
recommended guidelines for the protection of aquatic life in freshwater, by the greatest 
amount, and presents the most significant environmental risk and liability (Black et al 2005). 
Streams unaffected by AMD appear to have Al concentrations lower or approximately equal 
to those of Fe, whereas AMD impacted streams such as the Mangatini, St Patricks and 
Herbert Streams have Al concentrations around three times those of Fe (Lindsay et al 2003, 
Trumm et al 2008). Various studies have indicated that Al is more toxic than comparable 
concentrations of dissolved Fe (Harding and Boothroyd 2004), and since the 1980’s it has 
becomes increasingly accepted that Al is a major contaminant affecting aquatic ecology in 
acidic environments (Gensemer and Playle 1999). Hence it appears likely that the poor 
ecological health of many of the AMD affected streams on the Stockton Plateau is, at least 
in part, related to the elevated concentrations of Al produced by the Brunner Coal 
Measures. 
1.2 Aluminium Aquatic Geochemistry and Toxicity 
Al is the third most abundant element in the earth’s crust and yet has no known biological 
function, indeed unlike many other metals, biological systems appear to have no functional 
requirement for Al at all (Gensemer and Playle, 1999). The flux of Al into natural aquatic 
systems is therefore likely to affect organisms in terms of toxicity rather than deficiency, 
due to exceeding tolerance levels rather than overcoming deficits (Gensemer and Playle, 
1999, Harding, 2005). 
The specific concentration of Al that exceeds an organisms tolerance is variable between 
organisms (Lindemann et al 1990, Winterbourne 1998, Harding 2005, O’Halloran et al 2008, 
Greig et al 2010) but is also, as with most trace metals, highly dependent on the form of the 
metal in the waterway (Parent et al 1996, Webster-Brown, 2005, Worms et al 2006). For 
example, Al may exist as; 
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 a dissolved free metal ion (eg Al3+),  
 a dissolved organic or inorganic complex (eg; AlSO4
+, Al(OH)2
+, Al-fulvate+),  
 a fine solid precipitate of an Al mineral/organic compound (colloid), 
  a metal adsorbed to suspended particulate matter (SPM) such as fine clay or organic 
particulates, or bed sediment, 
  a metal adsorbed to or taken up by aquatic organisms  
The form, or species, that the metal takes is dependent on a complex interaction of factors 
including temperature, pH, redox conditions and water chemistry and is usually predicted 
from thermodynamic relationships between species. In Al speciation, changes are rapid 
enough that in-stream water chemistry will determine speciation rather than the 
geochemical origin of the metal (Gensemer and Playle 1999). Metal speciation can rarely be 
measured directly, especially at trace-levels (Nordstrom 1996, Markich and Brown 1999) 
and hence is usually modelled by utilising thermodynamic equilibrium constants in 
geochemical models (Webster-Brown, 2005). One such model is the PHREEQC geochemical 
model (Pankhurst & Appelo 1999) which has been well validated in AMD systems. 
1.2.1 Speciation and Toxicity 
The speciation of a metal will impact transport or attenuation of the metal in the waterway 
and hence affect the total concentration in the water column, as well as control the 
bioavailability and toxicity of the metal and habitat modification by its precipitates (eg Roy 
& Campbell 1997, Gensemer and Playle 1999, Webster-Brown 2005, van Dam 2008). Metals 
forming strong complexes, precipitating as minerals, or bound to SPM or bed sediments, are 
generally considered to be not bio-available and hence not toxic, although they may have 
ecological impact through ingestion by aquatic organisms and/or modifying habitat by 
flocculating and/or directly precipitating on stream substrates (Winterbourne 1998, Greig et 
al 2010). Dissolved species will include the free metal ion and metal complexes, and the free 
ion is generally considered the most toxic. This forms the basis of the Free Ion Activity 
Model which suggests that the toxicity of a metal is determined by the concentration of the 
free metal ion (Roy and Campbell 1997). Any organic or inorganic ligand which complexes 
with the dissolved metal, or any change in chemistry which promotes complexation, 
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adsorption or precipitation of a solid, therefore reduces the concentration of the free ion, 
and hence reduces toxicity. Despite an increasing recognition of complicating factors (eg 
Parent et al 1996, Roy 1997, Brown & Markich 2000,  Alstad et al 2005, Worms et al 2006), 
this simple model has been used with relative success to predict toxicity in aquatic 
environments, where measurement of total, or even dissolved metal concentrations may be 
poor predictors of toxicity (Parent et al, 1996, Roy and Campbell 1997, Brown and Markich 
2000, Ritchie 2001, Worms et al 2006, van Dam 2008). 
1.2.2 Aluminium: Colloidal or Dissolved? 
A distinction is made between the solid, SPM bound and “colloidal” material, and the 
“dissolved” metal, and in practise the two are usually distinguished by filtration through a 
0.45um cellulose membrane, but this is an arbitrary measure. In reality colloidal material 
can be <0.45um and there is likely to be a size continuum between suspended sediment 
particulates (eg clay particles), colloidal material (eg Al(OH3)s - Gibbsite) and organic (eg AlH-
Citrate+) and inorganic (eg AlSO4
+) macromolecules (Horowitz 1996, Webster-Brown 2005). 
Markich and Brown (1999) indicate that this size continuum may range from >0.45µm for 
metals bound to sediment particulates, down to metal complexes of <0.005µm, with 
colloidal material ranging from 0.01-0.450µm (Horowitz, 1996). Ultra-filtration studies have 
also indicated that significant amounts of “dissolved” metals may be present as fine colloidal 
material in the range 10 kDaltons- 0.2µm. For example, in studies of low salinity estuarine 
water >84% of “dissolved” Al (10kD-0.2µm) was found to be in colloidal form (Sanudo-
Wilhelmy et al 1996). 
1.2.3 Aluminium Speciation in Acid Mine Drainage 
Aluminium speciation in acidic waters displays a strong relationship with pH (eg, Nordstrom 
and Ball 1986, Filipek et al 1987, Nordstrom & Alpers 1999, Cravotta 2008). The hydrolysis of 
Al, as well as complexation with SO4, flouride, silica and dissolved organic matter (DOM) all 
affect the proportion of dissolved Al which exists as Al3+ in the water column (Nordstrom 
and Ball 1986, Nordstrom and May 1996, Gensemer and Playle, 1999, Roy and Campbell 
1997, Cravotta 2008). Fig 1.4 illustrates changes of Al speciation with pH modelled by 
Gensemer and Playle 1999. Al speciation appears to be insensitive to redox conditions 
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(Cravotta 2007), but is temperature dependent, with a decrease of 150C having the 
equivilant effect of decreasing pH by one unit (Gensemer & Playle 1999). Controls on 
speciation are discussed in more detail in Chapter 4. 
 
Fig 1.4 Aluminium speciation with varying pH derived from geochemical modelling (using 
the MINEQL+ model) using five aquatic Al species plus Gibbsite. (from Gensemer and 
Playle 1999- with permission).  
1.2.4 Ecological Effects and Mechanisms of Al toxicity 
Many studies have investigated the mechanisms of Al toxicity and factors which enhance or 
inhibit it (Stenzel & Herrmann 1990, Poleo et al 1991, 1994, Poleo 1995, Camilleri 2003, 
Greig et al 2010) and it has proved a major challenge to separate the effects of Al and 
acidity. Al can have variable effects on plant community structure, but species richness is 
usually much reduced by AMD. Algae are often highly acid- and metal-tolerant and 
commonly come to dominate AMD discharges (see Fig 4.33, Chapter 4), but community 
structure and growth rates appear to be affected by Al (Gensemer and Playle 1999) which 
results in a limited number of species (Harding and Boothroyd 2004). Recent ecotoxicity 
work indicates a EC50 (concentration resulting in 50% reduction in cell growth) of 0.86mg/L 
Al in stream water for Pseudokirchneriella subcapitata (Hickey, 2011). There appears to be a 
reduction in Al toxicity to algae at low pH probably due to competition for surface binding 
sites by H+ ions (Parent and Campbell 1994).  Calcium and fulvic acid also appear to compete 
Al(OH)2
+ 
AlOH2+ 
% 
c
o
n
c 
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for binding site on algae surfaces, thus reducing the toxicity of Al3+ (Parent et al 1996). 
Bryophytes can occur in highly acidic streams (Harding and Boothroyd 2004) but species 
richness is reduced at low pH (Crowder 1991). 
The effect on microorganisms is poorly studied but a general reduction in populations may 
result in reduced litter breakdown. This is thought to be due to low pH and metal oxide 
precipitation either smothering populations or producing a direct toxicity effect (Harding 
and Boothroyd 2004) and Al precipitates may be implicated. Macroinvertebrates are 
generally impacted negatively by AMD with lowered species richness, although many New 
Zealand invertebrates are remarkably tolerant of low pH (Kitto 2009, Greig et al, 2010) and 
some are highly tolerant to metals (Harding, 2005). Despite this, data from northern 
Westland in New Zealand show few species in waters with high dissolved Al concentrations 
(Harding and Boothroyd 2004), and Hickey and Clements (1998) found taxonomic richness 
and macroinvertebrate indices such as EPT (Ephemeroptera, Plecoptera and Trichoptera) 
were good indicators of heavy metal contamination in New Zealand streams. Toxicity effects 
of Al are generally due to iono-regulatory disruptions and are additive to similar disruptions 
due to H+ ions (Gensemer and Playle 1999). Macroinvertebrates with significant external 
gills structures such as perlid stoneflies are severely impacted by Al-hydroxide accumulation 
on the gill surfaces (Soucek et al 2003).  
Fish populations are generally the most impacted by metal concentration with both iono-
regulatory and respiratory disruptions. Greig et al (2010) found that the concentration of 
dissolved metals, predominantly Al and Fe, are the best predictor of fish diversity, density 
and biomass in New Zealand fish populations.  Iono-regulatory effects of Al dominate at low 
pH with fish deaths resulting from electrolyte losses, however this transitions to a 
dominance of respiratory effects at around pH= 5.0 (Poleo 1991, Poleo et al 1994). In mixing 
zones of Al rich acid-waters with more neutral waters, pH changes from lower values toward 
5.0-6.0 and creates toxic zones for fish as Al binds with negatively charged gill surfaces and 
acts as a nucleation point for Al polymerisation (Poleo 1991, 1995, Poleo et al 1994, Alstad 
et al 2005, Stephens and Ingram 2006). These processes result in hypoxia.  
Factors other than speciation which reduce Al toxicity, have mainly been studied in fish. 
Flouride, H4SiO4, calcium and organic matter, as well as decreasing temperature, have all 
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been shown to reduce Al toxicity beyond their complexing of Al3+. It is thought that this is 
due to competition with Al for binding sites at biological surfaces (Brown 1983, Lydersen et 
al 1990, Poleo 1991, Poleo et al 1994, Gensemer and Playle 1999, Alstad et al 2005, Roy and 
Campbell 1997)  
1.3 Environmental Guidelines for Aluminium in Freshwater 
Regulatory bodies commonly utilise environmental guidelines to provide a reference for the 
management of water quality, particularly of toxic contaminants. The United States 
Environmental Protection Agency sets these guidelines for the USA and recommends acute 
(short term) and chronic (long term) criteria for total Al for the protection of freshwater 
aquatic life, of 0.75 and 0.087mg/L respectively (pH 6.95-9.0). 
In New Zealand the Ministry for the Environment utilises Australian and New Zealand 
Environment and Conservation Council guidelines (ANZECC 2000). These are currently under 
revision but provide ‘trigger values’ (TV), designed to ‘trigger’ a management response, 
based on a review of toxicity knowledge at the time the guidelines were set (2000). The TV 
may have high, moderate or low reliability, where high reliability reflects sufficient and 
appropriate chronic data, moderate reliability reflects the availability of acute data only, 
while low reliability reflects insufficient data to derive a reliable value. Low reliability TV’s 
indicate low confidence that ecosystems may be protected by this approach, and also 
indicate that values should be recalculated when more reliable data becomes available 
(ANZECC (2000). For Al, ANZECC (2000) recommend a moderate reliability TV of 0.055mg/L 
for water of pH> 6.5, and a low reliability TV of 0.0008mg/L for water of pH<6.5, for the 
protection of freshwater aquatic life. 
The complex and highly site-specific nature of Al aqueous geochemistry, as described in 
proceeding sections, and the highly variable response of organisms, make the setting of 
meaningful guidelines difficult.  Organisms on the West Coast of New Zealand, show varying 
degrees of acclimation to low pH and high Al concentrations. Together with the fact that 
natural levels of Al in many Stockton streams (0.1-0.27 mg/L Black et al 2005) exceed the 
ANZEEC (2000) and USEPA guidelines for the protection of freshwater aquatic life, this 
highlights the requirement for further work before meaningful Al limits can be set to 
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protect/remediate aqueous environments on the Stockton Plateau. This is consistent with 
recommendations at other AMD sites (Boothroyd et al 2005). Notwithstanding this 
desirability of site specific Al limits, work by Greig et al (2010) has recommended that 
remediation of AMD streams target a pH ≈ 4.5 and dissolved aluminium concentrations of ≈ 
1 mg/L. Solid Energy are using these guidelines as interim environmental targets until site 
specific guidelines are further developed (Trumm et al 2008). 
1.4 Management Options for Acid Mine Drainage and Elevated Dissolved 
Aluminium Concentrations 
AMD chemistry and its effects on ecology have been relatively well studied in New Zealand, 
however it is only recently that treatment options for this country have begun to be 
examined (eg: Trumm et al 2008). Treatment may generally be divided into two broad 
types; active and passive. Active treatment usually involves addition of chemical materials in 
an attempt to alter water chemistry. Active treatment in an engineered treatment plant (eg; 
using calcium carbonate (CaCO3)), frequently requires large amounts of the chemical 
additive and repeated dosages, and may also involve mechanical agitation (Porter & Nairn, 
2008) and or large settling ponds. Passive treatments also involves changes to water 
chemistry but involve more static and natural processes such as running water through 
open limestone channels, anoxic limestone drains or vertical flow wetlands which combine 
the reducing capacity of organic substances with alkalinity producing media such as CaCO3 
(Trumm et al, 2008). Both active and passive treatment options require ongoing active 
management and/or sufficient land area for infrastructure development.  
1.4.1 AMD Management on the Stockton Plateau 
AMD management techniques employed at Stockton include treatment and capping of 
waste rock piles to reduce existing acidity and minimise oxidation of sulphides, water 
diversions to avoid mixing of various water qualities, settlement ponds, and active lime 
dosing and settlement of suspended solids and precipitates in the Mangatini drainage. 
Diversion of water from the Mt Frederick end of the licence area attempts to constrain AMD 
effects to one drainage, the Ngakawau River, rather than allowing AMD impacts to affect 
the south draining Waimangaroa River (see Fig’s 2.7 and 2.10). However leaking from the 
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overburden dam results in the Herbert Stream, which drains into the Waimangaroa River, 
being heavily affected by AMD. Small scale passive systems have been trialled at Herbert 
stream, for potential use in the many low volume drainages on the Plateau (Trumm et al 
2008). However the long, ‘beyond mine life’ time-frames over which treatment must be 
carried out, and the often limited space in the Stockton Plateau license area, place 
constraints on feasible treatment options, especially at the Herbert Stream site. The dilution 
of low volume acid drainages such as Herbert Stream, stream T35 and stream T31, with 
more neutral waters, may provide an acceptable treatment option but will alter stream 
chemistry in complex ways as discussed in preceding sections. The eco-toxicity implications 
of such dilution need to be well understood. 
1.5 Research Aims and Objectives 
The Stockton Plateau has many low volume tributary drainages which are variously affected 
by AMD. The remediation and long term management of these streams presents a challenge 
to those responsible for managing the impacts of coal mining on the Stockton Plateau. 
Herbert stream, stream T35 and its tributaries, and stream T31 all display the effects of 
varying degrees of AMD pollution, and dissolved Al concentrations are thought to be 
impacting the ecological health of these waterways. This research determines the likely 
speciation and therefore toxicity, of Al in these low volume drainages, and the effect that 
remediation of contaminated waters by dilution with circum-neutral site water, may have 
on pH, Al speciation and toxicity. 
Objectives 
1. To determine dissolved and colloidal Al concentrations and chemical parameters 
affecting Al behaviour in Herbert, T35 and T31 streams. 
2. To determine Al colloid size and likely composition, and dissolved Al speciation, 
through filtration analysis and geochemical modelling.   
3. To assess the effects of dilution on pH and dissolved Al speciation, through 
investigation at streams confluences, and experimental dilutions using AMD drainage 
water from Herbert Stream and circum-neutral water from Mt Fred Quarry Lake. 
The results from these analyses will be assessed against macroinvertebrate surveys, used as 
a measure of stream health.
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Chapter Two 
Methodology 
2.1 Site Description 
The Stockton Plateau is an elevated area of approximately 35km2, between 600-1100m 
above sea level (Fig 2.1). The Plateau has a steep western face dropping from around 1000m 
to the nearby Tasman Sea and a far more gentle dip surface which drains north and east 
toward the Ngakawau River. This dip surface is characterised by shallow, infertile and poorly 
drained soils (Kitto, 2009) interspersed with quartz sandstone rock pavements (Fig 2.2). 
Stunted vegetation of grasses, mosses and prostrate and upright manuka predominate, 
while in the gullies and lower areas of the Plateau manuka and tussocks, through to lowland 
rata and mountain beech forest communities prevail (Kitto 2009). 
High orographic rainfall results from predominant moist, north-west airflows and the central 
Plateau is one of the wettest places in New Zealand, receiving more than 6m of rain 
annually (Lindsay et al, 2003). Drainage displays an overall rectilinear, dendritic pattern 
under the influence of intersecting fault traces (Lindsay et al 2003). Most of the Plateau 
drains north-east and north into the Ngakawau River via Mine Creek, Mangatini Stream and 
St Patricks stream, and Mangatini and St Patricks streams in particular have a broad network 
of tributaries. Streams T35 and T31 as well as their respective tributaries flow into St 
Patricks stream. At the southern end of the Plateau, a much smaller catchment drains the 
eastern side of Mt Frederick, into the Waimangaroa River. This catchment includes Herbert, 
Whirlwind and Cypress streams.  
All the streams sampled in this research were hard bottomed ie; gravel, cobble, boulder and 
bedrock substrates dominate (>50% by area) the streambed. (Stark et al 2001).  
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Fig 2.1 Topographical map of the Stockton Plateau area with key features and waterways 
marked. CML = Coal mining license, ACML = Ancillary Coal Mining License. 
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Fig 2.2 Looking north across the Stockton Plateau from near Herbert Stream. Note 
characteristic terrain and rock pavements. 
2.1.1 T35 Stream 
T35 Stream has a number of tributaries draining catchments variously affected by mining 
activity. The headwaters of the stream (eg sample site T35-2/10) are close the area known 
as the ‘Bathhouse’ where the main on-site mine offices are located. Roadways, carparks and 
drainage channels have exposed a great deal of sulphidic Brunner Coal Measures around 
this location (Fig 2.3). In contrast other tributaries of T35 (eg; sample sites T35-2/4 and 6) 
drain areas with no current or historic workings, and show no sign of AMD impacts (Fig 2.4). 
As such T35 stream offers a wide range of AMD impacts within one catchment and allows an 
examination of speciation changes resulting from dilution in a natural system. 
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Fig 2.3 AMD impacted waterway draining extensively excavated Brunner Coal Measures 
near the ‘Bathhouse’ area. This stream is a tributary of T35 Stream and is the site of 
Sample T35-2/10. 
 
Fig 2.4 A tributary of T35 stream which is not impacted by AMD. This stream drains Mt 
Stockton and is the site of Sample T35-2/6 
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2.1.2 T31 Stream 
T31 Stream has very low to zero baseflow for much of its length until it is close to the Fly 
Creek Mine Road, where the majority of flow enters the stream from an area of historic 
underground mine workings known as ‘New Mine’ (Fig 2.5). The stream in this area is open 
and flows shallowly over ledges of quartz sandstone with abundant algae and some 
byryophytes. Further downstream toward T31-2/1 the stream is shaded by forest and flows 
over a cobbled substrate (including coal lumps) with bryophytes and algae. T31 joins St 
Patricks stream just below the Fly Creek Mine Road. 
 
Fig 2.5 A tributary of T31 Stream flowing from the historic ‘New Mine’ workings. The left 
hand stream flows directly from an old mine shaft. Sample T31-2/2 is taken from just 
downstream. 
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2.1.3 Herbert Stream 
Herbert Stream is at the southern end of the Plateau and flows south-east to join Cypress 
Stream before flowing south into the Waimangaroa River. The upper Herbert Stream valley 
was buried beneath an overburden dam in the late 1980’s (Phil Lindsay, Solid Energy, pers 
comm. 2010) (see Fig 2.6).  This overburden dam contributes to attempts to divert water 
polluted by mining activities around the Mt Frederick area, north, away from the 
Waimangaroa catchment and into the Ngakawau catchment (see Fig 2.7 and 2.10). However 
the dam is poorly sealed and an average of 5.3L/s (Lindsay et al 2003) of AMD impacted 
water flows from the base of the dam and becomes Herbert Stream. In its lower stretches 
the Herbert Valley becomes deeply incised into the quartz sandstone unit of the Brunner 
Coal Measures (see Fig 1.3).  
 
Fig 2.6 The overburden dam in the upper Herbert Stream Valley with Mt Frederick behind. 
Herbert Stream seeps from the bottom of the dam just left of the vehicle. This is the 
site of Sample Herb-2/1. 
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2.1.4 Mt Frederick Quarry Lake 
Above the Herbert Stream overburden dam lies the circum-neutral Mt Frederick Quarry lake 
which has been proposed as a source of water for dilution of Herbert Stream. This quarry 
has been excavated from predominantly basement rock. A small stream flows from the lake 
and is diverted north toward the Ngakawau catchment (Fig 2.7 and Fig 2.9). 
 
Fig 2.7 Mt Frederick quarry lake from Mt Frederick. The Herbert Stream overburden dam is 
at center right of the picture. Note the stream draining the lake (macroinvertebrate 
sampling for the lake was conducted in this stream) which is diverted north (left) via 
settling ponds toward the St Patricks stream catchment. 
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2.2 Water Chemistry 
Sampling and analysis was undertaken in order to quantify water chemistry in streams of 
different AMD impact and ecological health, and to provide input data for geochemical 
modelling. 
2.2.1 Field Sampling  
Water sampling of Herbert, T35, T31 and Cypress Streams, and the Mt Frederick Quarry 
Lake, was conducted during November and December 2010, during stream baseflow 
conditions. An initial field reconnaissance (23/24th November, 2010) was conducted and 
streams were tested for pH, electrical conductivity (EC), dissolved oxygen (DO) and 
temperature. This data is presented in Appendix 1 and was used to select water chemistry 
sampling sites. EC and pH in particular, as indicators of the presence of AMD, were used to 
select sites and to select stream junctions with disparate water quality in order to 
investigate natural dilution effects on Al concentrations. 
In December, 2010 (15-16th), water samples were collected at 18 sites; 10 from T35 Stream, 
3 from T31 Stream, 2 from Herbert Stream and one each from Cypress stream and Mt 
Frederick Quarry Lake. Sample sites are indicated in Fig’s 2.9 and 2.10, and the location 
coordinates are presented in Appendix 3.  At each site eight samples as detailed below, 
were collected in sterile, 50ml polypropylene centrifuge tubes (Fig 2.8). 
 Four unfiltered samples were collected, one each for the analysis of:  
 major ions (calcium (Ca), magnesium (Mg), potassium (K), sodium 
(Na), chloride (Cl),  
 total acid-soluble aluminium (unfiltered, acidified to pH≈2),  
 bicarbonate (HCO3)  
 sulphate (SO4) and silica (SiO2).  
 Three filtered samples were collected for dissolved Al analysis. These were filtered 
on-site through sterile, 0.45µm MF-Millipore MCE, 0.22 µm MF-Millipore MCE, and 
0.1µm Durapore PVDF respectively, membrane filters. 15ml of each of these samples 
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was extracted and stored in sterile, 15ml, polypropylene, centrifuge tubes, acidified 
to pH≈2 with two drops of 8N Nitric Acid (HNO3) for preservation. 
 One sample for total organic carbon (TOC) analysis was collected in brown glass 
bottles which had been triple washed with de-ionised water. These brown bottles 
ran out on the second day of sampling and were replaced with triple washed, clear 
glass food bottles which were wrapped in aluminium foil. 
 One 50 ml sample was collected to use as wash water/spare.  
In addition sample sites were tested for pH, EC, DO and temperature. This data and sample 
locations are presented in Appendix 3. 
During both the reconnaissance and field sampling trips, 20 liters of unfiltered water was 
collected from the upper Herbert Stream (site Herb-2/1) and Mt Frederick Quarry (site MF-
2/1), in new, triple washed, polyethylene containers. This was for use in laboratory based 
dilution experiments.   
 
Fig 2.8 Water sampling and filtering in Cypress Stream immediately upstream from the 
confluence with Herbert Stream. 
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Fig 2.9 Location map for T35 and T31 sample sites. (Sites are annotated here without the 
middle number ie;T35-2/1 = T35-1 in this figure) T35-2/10 is the site to the left of 
T35-2/9. Coordinates for sample sites are presented in Appendix 3 
 
Fig 2.10 Location map of sample sites for the Mt Frederick quarry lake and Herbert and 
Cypress Streams. (Sites are annotated here without the middle number ie; MF-2/1 
= MF-1 in this figure, Herb =HS, Cypress =Cy-1) The waterways drain south toward 
the Waimangaroa River. Location coordinates are presented in Appendix 3. 
500m 
500m 
N 
 N 
Chapter 2- Methodology 
25 
 
2.2.2 Dilution Experiments 
A dilution experiment was conducted to ascertain the effects of diluting low pH/ high 
dissolved Al, Herbert Stream water with varying amounts of circum-neutral pH Mount 
Frederick quarry lake water. The dilution experiment was conducted in the Waterways 
Center laboratory at Lincoln University. Water collected from the upper Herbert stream on 
24th November at the same site as Herb-2/1, was weighed (to two decimal places) into 17, 
new, polyethylene containers, which had been tripled washed with de-ionised water. Mt 
Frederick quarry water was added by weight (to two decimal places) in varying amounts, to 
form increasingly dilute samples of the Herbert stream water. Amounts of each water type 
and dilution factors are presented in Table 2.1  
EC, pH and turbidity were measured at 1, 75, and 285 hours (12 days) after mixing. EC and 
pH were also measured at 0 and 573 hours (24 days). At 1, 75, 285 and 573 hours, three 
15ml samples were taken from each container and filtered through 0.45 and 0.22 MF-
Millipore MCE, and 0.1 Durapore PVDF respectively, syringe driven, membrane filters, into 
new, polypropylene centrifuge tubes for dissolved aluminium analysis.  To each of these 
tubes, two drops of 8N HNO3 were added for preservation. Samples HS 1, 3, 6, 8,and 14 for 
time=573 hours were analysed by Hills laboratory for dissolved Al (section 2.2.3). Samples 
HS 10, 12, 16, 17 for time=1hr, HS 10, 16 and 17 for Time =285hrs, and HS 5, 10, 12, and 17 
for Time=573 were analysed for dissolved Al by the author, using colorimeteric analysis (see 
section 2.2.3) 
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Table 2.1 Proportions of Mt Frederick quarry Lake and Herbert Stream waters added to each 
container for dilution experiments. 
Container 
Number 
Mt Fred 
Quarry (gms) 
Herbert 
Stream (gms) 
% 
Mt Fred 
% 
Herb 
Dilution 
Factor 
HS0 0.00 249.93 0.00 100.00 1.00 
HS1 50.03 250.15 16.67 83.33 1.20 
HS 2 100.05 250.60 28.53 71.47 1.40 
HS 3 150.17 250.13 37.51 62.49 1.60 
HS 4 200.51 250.35 44.47 55.53 1.80 
HS 5 250.02 249.89 50.01 49.99 2.00 
HS 6 300.11 250.37 54.52 45.48 2.20 
HS 7 350.04 250.19 58.32 41.68 2.40 
HS 8 400.14 250.26 61.52 38.48 2.60 
HS 9 450.49 250.20 64.29 35.71 2.80 
HS 10 500.05 249.85 66.68 33.32 3.00 
HS 11 550.17 249.86 68.77 31.23 3.20 
HS 12 600.15 250.46 70.56 29.44 3.40 
HS 13 650.19 250.10 72.22 27.78 3.60 
HS 14 700.13 250.25 73.67 26.33 3.80 
HS 15 751.30 250.00 75.03 24.97 4.01 
HS 16 400.08 100.13 79.98 20.02 5.00 
HS 17 500.17 100.88 83.22 16.78 5.96 
 
2.2.3 Analytical Methods 
Major ions (MI), bicarbonate, total acid-soluble aluminium (acidified, unfiltered samples), 
organic carbon and dissolved aluminium concentrations were analysed in selected samples 
by Hills Laboratories (Hamilton, New Zealand) according to APHA 21st ed 2005 standard 
methods. Dissolved Al, total acid soluble Al, (and total acid soluble Ca, Mg, K and Na) were 
analysed after sample preservation with nitric acid, using an Inductively Coupled Plasma-
Mass Spectrometer (ICP-MS). Cl was analysed by Ferric thiocyanate colorimetery.  
Bicarbonate for selected low pH samples, was derived by calculation from alkalinity 
determined by titration, and pH. Carbon was analysed by IR detection, as Dissolved Non-
purgeable Organic Carbon (DNOPC) after 0.45µm filtration, acidification and catalytic 
oxidation. The potential for contamination in the clear glass food bottles used on the second 
day of sampling was tested by analysis of a blank sample of de-ionised water and no 
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contamination was evident. Appendix 2 gives further details on the analysis methods 
utilised by Hills Laboratories, and their uncertainties. 
Dissolved Al, silica (Si) and sulphate (SO4) concentrations, turbidity, pH and electrical 
conductivity (EC) were analysed by the author. EC and pH were analysed by handheld 
portable HACH HQ40d meter. Turbidity and dissolved Al, were measured by on a HACH 
DR/890 colorimeter. The HACH Aluminon Method 8012 was used for dissolved Al and the 
HACH Absorptometric Method 8237 for turbidity (FAU). The HACH Aluminon method is 
suitable for samples with Al concentrations between 0.008-0.800 mg/L. Samples with 
greater than this concentration were diluted with de-ionised water and Al concentrations 
corrected for the minor Al content of the dilution water. Fig 2.11 illustrates the color 
changes typical of the Aluminon method.  
SiO2 and SO4 were analysed on a HACH spectrophotometer using the HACH Silicomolybdate 
method 8185 and the HACH SulfaVer4 method 8051 respectively. Calibration curves for SiO2 
and SO4 were generated from calibration standards (HACH, 2008).  
In the rest of this report where a distinction is important, Al analyses are denoted by the 
analytical method used to determine them. Hence results from Hills laboratory are referred 
to as ‘ICP-MS Al’, while the colorimetric determinations are referred to as ‘Aluminon Al’. 
Where no distinction is necessary dissolved Al will be denoted by ‘Diss Al’. Concentration is 
denoted by [ ] eg [Aluminon Al] refers to the concentration of Al as analysed by Aluminon 
method. 
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Fig 2.11 Color changes in Colorimetric HACH Aluminon method analysis of Sample T35-2/5. 
The left-hand vial is the blank and the right-hand vial with the most colour is the 
prepared sample. 
2.2.4 Calculations 
Due to logistical and financial constraints, not all samples were analysed for all required 
chemistry. Calculations were required to determine those constituents not analysed for, and 
were conducted from a knowledge of the chemistry of contributing water systems. 
HCO3 
Not all samples were analysed for major ions or for HCO3. An assumption was made that 
HCO3 would be insignificant in samples with pH<5 and hence only samples with pH>5 were 
submitted for HCO3 analysis. From these analyses a pH vs log HCO3 trendline, y= 
0.0003pH5.8719 was established (R2= 0.9495), and used to estimate HCO3 concentrations for 
samples not analysed. This approach was considered adequate as HCO3 is not expected to 
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play a major role in the low pH range of our samples. Also it has been shown that 
bicarbonate and Al ions have very weak interactions and hence their complexes can be 
ignored for most natural waters (Nordstrom and May, 1996). 
Major Ions 
Samples immediately downstream of a stream junction (eg T35-2/1, T35, 2/2, T35-2/3, T35-
2/8) were not submitted for MI analysis. An assumption was made that the major ions 
analysed for, would behave conservatively over short distances and could be calculated 
from the concentrations in the streams converging at the junction. The SO4 concentrations 
were used to estimate the relative contributions of the converging streams based on the 
conservative nature of SO4 in mine waters and the limited non-AMD sources for SO4 
(Nordstrom & Ball 1986, Sengupta 1993, Cravotta 2008). 
Dilution Experiment Calculations 
Concentrations of major ions, Si, SO4 and dissolved organic carbon in the dilution 
experiments were initially calculated from end member samples Herbert Stream and MF-
2/1 based on dilution factors. The Herbert Stream water utilised for the dilution experiment 
was collected some weeks earlier than Herb-2/1. It was anticipated that Al would be similar 
for the two collections and hence Herb-2/1 geochemical parameters could be used for 
speciation modelling. However analysis of HS1 ICP-MS Al indicated that the HS0 Al 
(11.4mg/L) is significantly elevated from those levels seen in Herb-2/1 (8.1mg/L).  For 
modelling purposes SO4, SiO2, MI and DNOPC concentrations were recalculated from Herb-
2/1 by the ratio of [HS0 Al]/[Herb 2/1 Al]. A theoretical mixing line for [Diss Al] was 
calculated from the end members utilising a Herb 2/1 [Diss Al] = 11.4 mg/L and MF-2/1 
[total Al]= 0.166 mg/L. 
HS 15 and 16 [Al<0.45] were calculated from end members adjusted by the ratio of [end 
member calculated Al]/[analysed Al] (=0.839) of HS14. 
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2.2.5 Quality Control and Error Estimation 
To avoid contamination, all field samples were filtered through new, sterile filters into new, 
sterile, polypropylene containers. Dilution experiment samples were filtered into new, 
sterile, polypropylene containers. Filters were re-used for 4-5 samples of similar chemistries, 
but were triple washed with new sample water between each sample. All measuring 
equipment was triple washed with de-ionised water and dried before use. 
Detection limits and estimated errors for the samples analysed by Hills Laboratories are 
presented in Appendix 2. The HACH Water Analysis Handbook Procedures (5th Ed 2008) 
indicates a standard deviation error of 3.2% for the Aluminon method of dissolved Al 
analysis. This was tested in the Lincoln University Waterways laboratory using two standards 
of approximately 0.5mg/L Al prepared from an original standard (1000mg/L) by dilution with 
de-ionised water. Both these standards were repeatedly analysed (six and four times 
respectively) using the Aluminon method. Three of these analyses from each standard were 
read on two separate HACH colorimeter units. The precision and accuracies derived from 
these analyses are presented in Table 2.2. The method accuracy may have been impacted 
by use of an old original standard supplied for this analysis. 
Table 2.2 Precision and Accuracy ascertained for the Aluminon Method 
Method Accuracy -12% 
Method Precision +/-11% 
Precision -Colorimetric Units 1% 
Precision- between colorimetric units 1.5% 
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2.3 Geochemical Modelling 
Geochemical modelling was conducted using the PHREEQC computer model (Parkhurst & 
Appelo 1999). PHREEQC is an ion-association aqueous model which is capable of speciation 
and saturation index calculations. The model was downloaded from 
http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/ (accessed 12 November 2010). 
The wateq4f.dat database was used as the default database, with thermodynamic data 
added for Al-silicate (from Pokrovski et al, 1996) and Al-fulvate (from Markich and Brown, 
1999) complexes. Water chemistry from the ICP-MS Al<0.45µm analyses were used in the 
modelling. Silica was analysed as silica dioxide (SiO2) and hence analyses were converted for 
modelling from SiO2 to Si, using respective molecular weights. 
Aluminium organic complexes are notoriously difficult to quantify due to the heterogeneous 
nature of humic and fulvic acids (Gensemer and Playle 1999), and so a number of 
assumptions have been made for the modelling in this research. Fulvic acid has been shown 
to serve as a useful analogue for dissolved organic matter (Markich and Brown 1999) and it 
is assumed that fulvate is the main complexing agent, as humate is mainly soluble at high pH 
levels (Markich and Brown 1999), and this is not typical of Stockton streams (Lindsay et al 
2003). For this research it has been assumed that 50% of dissolved organic carbon is present 
as fulvate as had been determined by Markich (1998) in the modelled system for natural 
fulvic acid complexing studies. Hence 50% of the analysed DNOPC has been used as ‘fulvate’ 
in the geochemical modelling of this research. It is also assumed that fulvate behaves as if it 
were citrate, a similar organic ligand in terms of its ability to complex Al. The stability 
constant input to PHREEQC is that of Al-citrate as reported by Markich and Brown (1999). 
This is a strong complex for Al and should produce a maximum for organic complexing 
(Markich and Brown 1999).  
Dissolved oxygen values indicate an oxidising environment in all streams sampled (see 
Appendix 1 and 3), therefore a redox pe value of 13 was estimated and used for all 
modelling. Where analysed results were below detection limits for the methods utilised, 
half the detection limit was used as the concentration for modelling. 
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For the dilution experiment, modelling was undertaken using the ICP-MS [Al] results for 
Time =573 hours. Where it became desirable to address gaps in analysed values, particularly 
with respect to pH, modelling with [Al] calculated from end members was undertaken. 
 
2.4 Macroinvertebrate Sampling 
Sampling for benthic macroinvertebrates was conducted at all sample sites. Sampling was 
conducted in accordance with sampling protocol C1 of the Protocols for Sampling 
Macroinvertebrates in Wadeable Streams (Stark et al 2001). A D-net with 0.5mm mesh size 
was used and the stream bottom was vigorously disturbed by hand, with rocks and woody 
material turned and brushed, also by hand (Fig 2.12). A departure from the hard-bottom 
stream protocol was used in that a variety of habitat types within a stream reach of 10x the 
stream width, were sampled at each site. This allowed a wider range of habitat types to be 
sampled in what were expected to be very low population streams, A consistent approach 
to sampling time and effort was utilised. Samples were preserved in approximately 70% 
ethanol. 
Macroinvertebrate samples were returned to the laboratory, sieved and all animals counted 
and identified, Identifications were generally made to the lowest taxonomic level possible, 
usually genus, using Winterbourn et al (2009). All samples were processed by the 
Freshwater Ecology Research Group (Biological Sciences, University of Canterbury).  
Sampling at the Mt Frederick Quarry Lake (MF-2/1) was undertaken in the stream which 
drains the lake approximately 10m down from the lake outlet. 
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Fig 2.12 Macroinvertebrate sample site T35-2/1
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Chapter Three  
Results 
3.1 Water Chemistry 
The key results of water chemistry analysis are presented in Tables 3.1a and 3.1b. Full water 
chemistry results are presented in Appendix 3. The samples show a wide range of 
chemistries with pH ranging from 3.39 at the top of Herbert Stream (Herb-2/1) to 6.64 in the 
Mt Frederick Quarry Lake (MF-2/1). SO4 concentrations range from 2.18 to 218 mg/L and 
[Diss Al] from 0.005 to 27 mg/L. Total Al was only analysed for in two samples Herb-2/1 and 
MF-2/1 with results of 8.8 and 0.166 mg/L respectively. Streams T35-2/4 and T35-2/6, with 
no current or historical impacts from mining in their catchments, have pH of 5.04 and 5.65, 
[SO4] of 2.303 and 2.18 mg/L, and [Diss Al] of 0.129 and 0.260mg/L respectively. At the 
other extreme, water with the greatest exposure to disturbed Brunner Coal Measures such 
as T35-2/10, have low pH (3.52), high [SO4] (218 mg/L) and high [Diss Al] (27 mg/L). This 
apparent relationship, however, is not perfect with various samples with similar pH levels 
display differing SO4 and Al concentrations. For example Herb-2/1 and T31-2/1 have pH of 
3.39 and 3.44 respectively but have [Diss Al] of 8.3 and 1.47 mg/L. 
SiO2 is present in relatively low concentrations in these streams, with Herb-2/1 having the 
highest level at 17 mg/L. All other samples are below 7.3 mg/L. Organic carbon 
concentration generally increases with pH although MF-2/1 and T35-2/9, the two samples 
with the highest pH, have very low DNOPC. The two streams with no AMD impacts (T35-2/6 
and 2/4) have [DNOPC] of 7.2 and 4 mg/L, while highly AMD impacted streams such as T35-
2/10 and Herb-2/1 have [DNOPC] of 1.5 and 0.8mg/L respectively.  
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Table 3.1a Key water chemistry results forT35 and T31 streams. Alum = HACH Aluminon 
method for [Diss Al], ICP= ICP-MS method for [Diss Al] and [total Al]. DNOPC= 
dissolved non-purgeable organic carbon. 
Sample  pH Al (mg/L) SO4  DNPOC  
  
tot <0.45 <0.22 <0.1 (mg/L) (mg/L) 
T35-2/1 4.75 Alum 0.251 0.216 0.136 2.92 5.10 
 
ICP 0.410 
    T35-2/2 4.93 Alum 0.197 0.205 0.136 2.07 5.80 
 
ICP 0.370 
    T35-2/3 4.54 Alum 0.219 0.257 0.277 6.17 2.20 
 
ICP 0.440 0.450 0.430 
  T35-2/4 5.04 Alum 0.097 0.085 0.088 2.30 4.00 
 
ICP 0.129 
    T35-2/5 3.81 Alum 1.035 1.035 0.839 25.4 1.20 
 
ICP 1.260 
    T35-2/6 5.65 Alum 0.162 0.068 0.111 2.18 7.20 
 
ICP 0.260 0.260 0.250 
  T35-2/7 4.65 Alum 0.562 0.476 0.597 8.29 2.40 
 
ICP 0.660 0.640 0.650 
  T35-2/8 3.87 Alum 13.1 12.1 11.4 79.6 1.10 
 
ICP 13.9 
    T35-2/9 5.94 Alum 0.194 0.051 0.030 20.8 1.50 
 
ICP 0.086 
    T35-2/10 3.52 Alum 24.2 24.2 22.761 218 1.50 
 
ICP 27.0 
    T31-2/1 3.44 Alum 1.29 0.786 0.792 27.2 0.700 
 
ICP 1.52 1.41 1.47 
  T31-2/2 3.44 Alum 1.69 0.841 0.686 33.9 0.600 
 
ICP 1.67 1.65 1.75 
  T31-2/3 3.77 Alum 0.601 0.511 0.387 13.2 0.800 
 
ICP 0.55 0.56 0.54 
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Table 3.1b Key water chemistry results for the Mount Frederick quarry lake and Herbert and 
Cypress Streams. Alum = HACH Aluminon method for [Diss Al] and ICP= ICP-MS 
method for [Diss Al] and [total Al]  
Sample pH Al (mg/L) SO4  DNPOC  
   
tot <0.45 <0.22 <0.1 (mg/L) (mg/L) 
MF-2/1 
6.64 Alum 
 
0.000 0.000 0.005 50.461 0.500 
6.5 ICP 0.166 0.034 0.029 0.025 
  Herb-
2/1 
3.39 Alum 
 
4.36 3.08 3.60 159 0.800 
 
ICP 8.80 8.10 8.20 8.30 
  Herb-
2/2 
3.79 
 
Alum 3.18 2.31 3.13 39.4 1.300 
  
ICP 3.10 3.30 3.10 
  
Cypress 
4.64 
 
Alum 1.01 0.786 0.751 23.3 2.300 
  
ICP 1.23 1.27 1.30 
   
3.1.1 Differences between Analytical Methods 
The results for [Diss Al] show significant differences for some samples between the HACH 
Aluminon method and the ICP-MS analyses conducted at Hills Laboratories, as shown in 
Table 3.2. This difference does not apply to all samples and the degree of difference is not 
consistent, however where a difference is apparent, the ICP-MS method consistently gives a 
higher concentration. The only exception to this is sample T35-2/9, and for this sample the 
[Al<0.45µm] result for the Aluminon method is considered problematic as 0.196 mg/L is nearly 
4 x the concentration in the [Al<0.22] filtrate. This combined with the fact that it is so much 
higher than the [ICP-MS Al], (which, in all other samples is higher than [Aluminon Al]), is 
enough to cast doubt on the accuracy of this result. If the Aluminon 0.22µm result is used a 
difference of 40% is derived. 
Similarly there is an apparent difference between the methods with respect to the effect of 
filtration, as shown in Table 3.3. The ICP-MS method consistently shows almost no effect of 
filtration whereas the Aluminon method shows a regular trend of decreasing [Diss Al] with 
increasing filtration. Again the T35-2/9 [Al<0.45µm] result gives a dubious difference between 
the [Al<0.45µm] and [Al<0.1µm] fractions, and hence the 0.22µm is used in place of 0.45 µm. The 
other anomalous result is the ICP-MS analysis for MF-2/1, which presents a significant 
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difference between [Al<0.45µm] and [Al<0.1µm] fractions. This is the only sample demonstrating 
a filtration effect in ICP-MS analyses and it occurs in the highest pH sample analysed. 
Table 3.2 Differences in [Diss Al] between the ICP-MS and HACH Aluminon methods of 
analysis. Where the difference is less than 10% a 0% difference is assumed. 
 
 
 
 
 
 
 
 
Table 3.3 Differences in the effects of filtration between analytical methods for [Diss Al]. 
Calculated difference is between 0.45µm and 0.1µm filtrates, except for T35-2/9 
which uses 0.22 and 0.1 filtrates. 
Sample ICP-MS Aluminon Sample ICP-MS Aluminon 
 
% diff % diff  % diff % diff 
T35-2/1 - 45.9 T31-2/1 3.3 39.0 
T35-2/2 - 30.9 T31-2/2 -4.8 59.4 
T35-2/3 2.3 -26.5 T31-2/3 1.8 35.6 
T35-2/4 - 9.0 MF-2/1 26.5  
T35-2/5 - 18.9 Herb-2/1 -2.5 17.4 
T35-2/6 3.8 31.5 Herb-2/2 0.0 1.8 
T35-2/7 1.5 -6.3 
Cypress 
U/S -5.7 25.7 
T35-2/8 - 12.6    
T35-2/9 - 41    
T35-2/10 - 6.0    
 
 
 
 
Sample % Difference Sample % Difference 
T35-2/1 38.7 T31-2/1 14.6 
T35-2/2 46.8 T31-2/2 0.0 
T35-2/3 50.3 T31-2/3 0.0 
T35-2/4 24.8 MF-2/1 85.3 
T35-2/5 17.9 Herb-2/1 46.2 
T35-2/6 37.5 Herb-2/2 0.0 
T35-2/7 14.8 Cypress U/S 17.8 
T35-2/8 0.0   
T35-2/9 -126   
T35-2/10 10.3   
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3.2 Geochemical Modelling of Field Samples 
 The results from modelling of Al speciation in PHREEQC are presented in Tables 3.4a and 
3.4b with species primarily presented as a percentage of [Diss Al] while Appendix 4 contains 
speciation results in molality. Speciation differs significantly amongst the samples. Low pH 
samples are dominated by SO4 species and the free ion, Al
+3, although the relative 
abundance of these does not appear to be directly pH correlated. Higher pH samples appear 
dominated by fulvate and OH species with significantly lower [Al+3]. The first and second Al 
hydrolysis products Al(OH)+2 and Al(OH)2
+ are present in much greater concentrations than 
the third hydrolysis product Al(OH)3. Al(OH)4
- is only present in significant amounts at pH> 6. 
Al-silicate species are insignificant.  
It should be noted that geochemical modelling can never hope to completely replicate the 
complexities of natural systems. The model is based on the best thermodynamic data 
available but, particularly with Al-organic complexes may represent simple model 
compounds rather than the more complicated compounds found in natural waters 
(Nordstrom and May 1996). In addition, particularly where precipitation is involved, the 
modelling assumes thermodynamic equilibrium has been reached, which may not always be 
the case (Webster-Brown 2005) although calculated reaction time scales indicate that 
equilibrium chemical modelling of natural water Al chemistry should be reasonable in most 
cases (Nordstrom and May 1996). Hence the geochemical modelling results presented in 
this research should be treated as approximations of actual speciation and saturation 
indices. 
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Table 3.4 Speciation results for a) T35 and T31 Streams, and b) Herbert and Cypress Streams 
and Mt Frederick quarry lake, derived from geochemical modelling in PHREEQC. 
[Diss Al] and [Al3+] are given in mg/L, and [Al3+] and all other species are given as a 
percentage of [Diss Al]. 
 a)
Sample 
 
T35-2/1 T35-2/2 T35-2/3 T35-2/4 T35-2/5 T35-2/6 T35-2/7 
ICP-MS 
[Al<0.45µm] mg/L 0.410 0.370 0.430 0.129 1.260 0.260 0.660 
Al3+ mg/L 0.231 0.173 0.307 0.027 0.842 0.021 0.423 
Al3+ % Diss Al 62.5 51.9 79.3 23.2 74.2 9.1 71.2 
AlSO4
+ % Diss Al 3.6 2.1 9.4 1.1 29.4 0.4 11.4 
Al(SO4)2
- % Diss Al <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 
AlOH+2 % Diss Al 12.3 15.3 9.8 10.3 1.5 15.4 14.5 
 AlFulvate+ % Diss Al 25.8 32.5 10.6 64.4 2.0 57.5 7.5 
AlH3SiO4
+2 % Diss Al 0.4 0.5 0.3 0.2 0.1 0.5 0.3 
Al(OH)2
+ % Diss Al 1.6 2.9 0.8 3.1 <0.1 17.2 2.2 
AlHSO4
+2  % Diss Al <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Al(OH)3 % Diss Al <0.1 <0.1 <0.1 <0.1 <0.1 0.4 <0.1 
Al(OH)4
-  % Diss Al <0.1 <0.1 <0.1 <0.1 <0.1 0.3 <0.1 
 
        Sample 
 
T35-2/8 T35-2/9 T35-2/10 
 
T31-2/1 T31-2/2 T31-2/3 
ICP-MS 
[Al<0.45µm] 
mg/L 13.9 0.086 27.0 
 
1.52 1.75 0.539 
Al3+ mg/L 7.50 0.003 9.42 
 
1.03 1.12 0.410 
Al3+ % Diss Al 59.9 3.75 38.7 
 
75.4 70.8 84.5 
AlSO4
+ % Diss Al 43.4 1.31 62.1 
 
30.3 34.5 19.2 
Al(SO4)2
- % Diss Al 0.605 <0.1 2.17 
 
0.202 0.284 0.067 
AlOH+2 % Diss Al 1.74 13.8 0.560 
 
0.637 0.612 1.52 
 AlFulvate+ % Diss Al 0.164 36.1 0.115 
 
0.955 0.711 3.07 
AlH3SiO4
+2 % Diss Al <0.1 0.246 <0.1 
 
<0.1 <0.1 <0.1 
Al(OH)2
+ % Diss Al <0.1 38.7 <0.1 
 
<0.1 <0.1 <0.1 
AlHSO4
+2  % Diss Al <0.1 <0.1 <0.1 
 
<0.1 <0.1 <0.1 
Al(OH)3 % Diss Al <0.1 2.45 <0.1 
 
<0.1 <0.1 <0.1 
Al(OH)4
-  % Diss Al <0.1 3.79 <0.1 
 
<0.1 <0.1 <0.1 
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b) 
Sample 
 
MF-2/1 Herb-2/1 Herb-2/2 Cypress  
ICP-MS 
[Al<0.45µm] mg/L 0.025 8.30 3.10 1.30 
Al3+ mg/L 0.000 3.25 1.92 0.801 
Al3+ % Diss Al 0.2 43.6 69.1 68.5 
AlSO4
+ % Diss Al 0.1 58.6 35.1 25.6 
Al(SO4)2
- % Diss Al <0.1 1.8 0.3 0.2 
AlOH+2 % Diss Al 2.6 0.2 1.4 8.0 
 AlFulvate+ % Diss Al 39.3 0.2 0.9 3.7 
AlH3SiO4
+2 % Diss Al 0.1 <0.1 0.1 0.3 
Al(OH)2
+ % Diss Al 23.5 <0.1 <0.1 0.7 
AlHSO4
+2  % Diss Al <0.1 <0.1 <0.1 <0.1 
Al(OH)3 % Diss Al 5.1 <0.1 <0.1 <0.1 
Al(OH)4
-  % Diss Al 29.0 <0.1 <0.1 <0.1 
 
3.3 Dilution Experiments 
3.3.1 Analysis and Calculation of Concentrations 
Key analytical and calculated water chemistry results for the dilution experiment are 
presented in Table 3.5. Full water chemistry results are presented in Appendix 5. Analysed 
[ICP-MS Al] appears broadly in line with [Diss Al] calculated from end member 
concentrations (see also Fig 4.28). Ca, HCO3 and pH all increase with increasing dilution by 
Mt Frederick Quarry Lake water while all other elements and compounds decrease. Figures 
are presented for very high dilutions (‘modelling dilutions’ in Table 3.5) which were not 
produced by experiment but rather are entirely calculated. These results fit the trends 
displayed by analysed ICP-MS figures. [Aluminon Al] is consistently lower than might be 
expected from extrapolation of the ICP-MS analyses. This is not unexpected as both Herbert 
Stream and Mt Frederick quarry lake waters, display significant differences between the two 
methods as discussed previously. 
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Table 3.5 Key Dilution Experiment data from analysis and calculations. Data in italics is 
calculated, all other data is as analysed. Volumes and dilution factors are 
presented in Table 2.1. Alum= HACH Aluminon method. 
 
3.3.2 Kinetic Results 
Kinetic results for selected dilutions are presented in Figs 3.1, 3.2 and 3.3. Kinetic data for 
pH, conductivity, turbidity and [Aluminon Al], are also presented in Appendix 5. [Aluminon 
Al] becomes slightly lower over time while pH drops sharply in the first hour for several 
sample 
 
HS0 HS 1 HS 2 HS 3 HS 4 HS 5 HS 6 HS 7 HS 8 
% MF 
 
0.000 16.6 28.5 37.5 44.4 50.0 54.5 58.3 61.5 
pH 
 
3.19 3.32 3.41 3.52 3.61 3.7 3.71 3.82 3.9 
Al (diss) Analysis 
 
ICP-MS 
 
ICP-MS 
 
Alum ICP-MS 
 
ICP-MS 
<0.45 mg l  11.4 9.50 8.19 7.00 6.40 4.10 5.20 4.84 4.20 
<0.22 mg l  9.80 
 
6.90 
 
4.29 5.10 
 
4.40 
<0.1 mg l  9.20 
 
7.00 
 
4.48 5.10 
 
4.50 
SO4 mg l  160 142 128 119 111 105 100 96.2 92.6 
DNPOC mg l  1.099 0.999 0.928 0.874 0.832 0.799 0.772 0.750 0.730 
           sample 
 
HS 9 HS 10 HS 11 HS 12 HS 13 HS 14 HS 15 HS 16 HS 17 
% MF 
 
64.2 66.6 68.7 70.5 72.2 73.6 75.0 79.9 83.2 
pH 
 
4.03 4.06 4.19 4.30 4.42 4.49 4.61 5.05 5.31 
Al (diss) Analysis 
 
Alum 
 
Alum 
 
ICP-MS 
 
Alum Alum 
<0.45 mg l  4.17 2.64 3.67 2.19 3.28 2.60 2.49 0.728 0.468 
<0.22 mg l  2.74 
 
2.33 
 
2.80 
 
0.666 0.309 
<0.1 mg l  2.23 
 
1.95 
 
2.70 
 
0.709 0.250 
SO4 mg l  89.6 87.0 84.7 82.7 80.9 79.3 77.8 72.4 68.8 
DNPOC mg l  0.714 0.700 0.687 0.676 0.666 0.658 0.650 0.620 0.601 
           sample 
 
Modelling dilutions only 
 
MF-2/1 
    % MF 
 
85.7 87.5 88.2 88.8 100 
    pH 
     
6.64 
    Al (diss) 
         total mg/L 
   
0.166 
    <0.45 mg/L 1.77 1.57 1.48 1.41 0.034 
    <0.22 mg l  
   
0.029 
    <0.1 mg l  
   
0.025 
    SO4 mg l  66.1 64.1 63.3 62.6 50.4 
    DNPOC mg l  0.586 0.575 0.570 0.567 0.500 
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samples, before lowering slightly to 285 hours and increasing again to slightly higher than 
initial value at 573 hours. After one hour, turbidity peaks at 27 FAU (approximately =NTU) at 
about 68% dilution, this peak reduces to 21 FAU and shifts to 62% dilution at 75 hours. It 
shifts again to 54% dilution and increases to 25 FAU at 285 hours. Reflecting the end 
members, electrical conductivity is greatest at the lowest dilutions and decreases as dilution 
increases. It consistently increases slightly over time. 
 
Fig 3.1 Changes over time in [Diss Al <0.22µm] analysed by HACH Aluminon method. 
 
Fig 3.2 pH changes over time for different dilutions 
Chapter 3- Results 
44 
 
 
Fig 3.3 Changes in dilution experiment turbidity over time. 
 
3.3.3 Geochemical Modelling  
Key speciation data generated by modelling of selected dilutions is presented in Table 3.6 
primarily as a percentage of [Diss Al]. Molality for all species modelled is presented in 
Appendix 5. AlSO4
+  and Al+3 predominate at the lower pH levels and remain the dominant 
species until dilution to around 80% quarry water, where pH is around 5, although their 
absolute concentrations decrease as [Diss Al] decreases with dilution. AlOH+2 and Al(OH)2
+ 
then begin to increase rapidly and become the predominant species at around pH 5.5 (85% 
dilution). Al-fulvate+ is at very low concentrations throughout and only becomes a relatively 
important species at the highest pH. The major step in concentrations between the Calc 
89% MF sample and 100% Mt Frederick quarry water, is thought to be due to the removal of 
dissolved Al by precipitation of adsorption as discussed further in sections 4.1.1 and 4.3.2. 
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Table 3.6 Major species present in dilution experiment samples, as modelled in the 
PHREEQC geochemical model. Modelling undertaken from [Diss Al]=ICP-MS 
<0.45µm at Time=573 hours. The calc samples are from calculated Al 
concentrations. 
Sample [Diss Al] Al 3+ Al3+ AlSO4
+    AlOH+2 
   
AlFulvate+    Al(OH)2
+ 
 
mg/L mg/L % Diss Al % Diss Al % Diss Al % Diss Al % Diss Al 
HS0 11.4 4.63 40.3 56.7 0.2 0.2 0.0 
HS 1 9.50 3.99 42.0 56.0 0.3 0.2 0.0 
HS 3 7.00 3.08 44.0 53.9 0.5 0.3 0.0 
HS 6 5.20 2.40 46.2 51.5 0.8 0.3 0.0 
HS 8 4.20 1.96 46.8 50.4 1.3 0.4 0.0 
HS 14 2.60 1.20 46.4 46.4 5.1 0.5 0.4 
HS 15 2.49 1.14 45.8 45.2 6.6 0.5 0.6 
HS 16 2.02 0.946 46.7 44.0 6.8 0.6 0.7 
Calc 
86% 
MF 1.77 0.364 20.5 18.5 29.5 0.7 27.7 
Calc 
89% 
MF 1.41 0.176 12.4 10.9 28.4 0.8 42.4 
MF-
2/1 0.025 0.000 0.200 0.100 2.60 39.3 23.5 
 
3.4 Macroinvertebrate Survey 
Table 3.7 presents data from macroinvertebrate surveys conducted at all sample sites 
except Cypress Stream. Richness refers to the number of taxa represented, while abundance 
refers to the number of individual organisms.  EPT refers to the orders Ephemeroptera 
(Mayflies) Plecoptera (Stoneflies) and Trichoptera (Caddisflies). EPT taxa richness is referred 
to as the EPT index, and is often used as a general indicator of stream integrity (Hickey & 
Clements 1998). Full sample data is presented in Appendix 6. 
Taxa richness and EPT Taxa richness are generally lower for low pH, high [Diss Al] sample 
sites, while organism and EPT abundance show less correlation with AMD impact. Where 
AMD impact and organism abundance is high, the samples tend to be dominated by the 
Chronomids, Orthocladinae.  Of the EPT taxa, the mayflies appear to be most impacted by 
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AMD sites with no mayflies present at T35-2/5, 2/8, 2/10, T31 and Herbert streams or the 
Mt Frederick Quarry Lake. 
Table 3.7 Summary data from macroinvertebrate surveys conducted during this research. 
 Taxa 
Richness 
Organism 
Abundance 
EPT Taxa 
Richness 
EPT 
Organism 
Abundance 
%EPT of 
Total Taxa 
Mayfly 
richness 
Mayfly 
Abundance 
T35 Stream Catchment 
     T35 - 2/1 21 56 10 17 30.4 3 3 
T35 - 2/2 18 83 7 31 37.3 1 9 
T35 - 2/3 20 220 10 113 51.4 2 17 
T35 - 2/4 30 462 17 102 22.1 4 27 
T35 - 2/5 12 123 5 40 32.5 0 0 
T35 - 2/6 25 247 12 90 36.4 4 43 
T35 - 2/7 14 245 4 173 70.6 1 3 
T35 - 2/8 13 49 6 9 18.4 0 0 
T35 - 2/9 9 59 3 4 6.8 1 1 
T35 - 2/10 5 8 1 1 12.5 0 0 
T31 Stream Catchment 
     T31 - 2/1 12 694 4 342 49.3 0 0 
T31 - 2/2 10 649 3 100 15.4 0 0 
T31 - 2/3 11 90 4 47 52.2 0 0 
Herbert Stream 
      Herb - 2/1 4 217 1 1 0.5 0 0 
Herb - 2/2 8 90 2 18 20.0 0 0 
Mt Frederick Quarry Lake 
     MF - 2/1 8 59 1 1 1.7 0 0 
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Chapter Four  
Discussion 
4.1 The Source of Aluminium in Stockton Waterways 
Metal concentrations in the waterways of the Stockton Plateau are related to the underlying 
geology of the area and the generation of AMD by current and historical mine workings 
(Black et al 2005, Hughes et al 2007, Trumm et al 2008). Streams draining undisturbed 
catchments in the area are reported as having relatively low pH and naturally elevated [Diss 
Al] when compared to circum-neutral waterways (Lindsay et al 2003, Black et al 2005). 
Analyses conducted in this research support these findings with two undisturbed streams, 
T35-2/4 and T35-2/6, having pH of 5.04 and 5.65 and [ICP-MS Al<0.45µm] of 0.129 and 
0.260mg/L respectively. T35-2/6 is thought to drain predominantly basement geology, while 
T35-2/4 drains Brunner Coal Measures.   
All other samples in this study are from streams variously affected by AMD, and the [Diss Al] 
is generally well correlated with the degree to which the stream is impacted.  H2SO4 is 
produced during the oxidation of pyrite, and the resultant SO4 behaves conservatively in 
AMD impacted streams (Nordstrom and Ball 1986, Sengupta 1993, Cravotta 2007). SO4 
occurs at very low levels in normal stream waters, and hence [SO4] concentration is 
considered to be a good indicator of AMD impact. [Diss Al] in the Stockton waterways 
studied, is well correlated with both pH and [SO4] (Fig 4.1a, b and Fig 4.2) although there is 
considerable scatter in [Diss Al] at low pH (Fig 4.2). The correlation with [SO4] is better, and 
if T35-2/9 and MF-2/1 are removed, a linear correlation of r2=0.82 is achieved. The poorer 
correlation with pH can be explained by varying degrees of post- Al leaching, acid 
neutralisation by, for example, carbonate minerals in the host rock (Sengupta 1993). [SO4] is 
unchanged by this process. The anomalous samples, T35-2/9 and MF-2/1, have high pH and 
low [Diss Al] despite the significant AMD impact indicated by the elevated [SO4]. Dissolved 
Al may have been removed from these waters by precipitation of an Al colloid, or by 
adsorption onto suspended particulate matter. This is discussed further Section 4.2.3. It is 
apparent then, that the elevated [Diss Al] observed in Stockton waterways are produced by 
AMD. 
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a) 
 
b) 
 
Fig 4.1a) [Diss Al] versus [SO4] in Stockton waterways, and b) with the three highest [SO4] 
removed to illustrate the trend at lower [SO4]. T35-2/9 and MF-2/1 are 
considered anomalous and have been omitted from a). 
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Fig 4.2 [Diss Al] versus pH for 17 samples from T35 and T31 Streams, Herbert Stream, 
Cypress Stream and the Mt Frederick Quarry Lake. 
4.2 Aluminium Speciation 
The impact of Al on the ecology of Stocktons waterways is likely to be highly dependent on 
the speciation of the Al present (Parent et al 1996, Webster-Brown 2005) and in particular 
the concentration of the free ion, Al+3 (Roy and Campbell 1997, Worms et al 2006).  This 
proportion of [Diss Al] present as Al3+ is dependent on the complexation of dissolved Al by 
organic and inorganic ligands (Webster-Brown 2005).  
Most studies agree that below about pH 4.5, Al behaves conservatively (ie; resists formation 
of a solid precipitate) and exists as sulphate and hydroxysulfate complexes, as well as the 
Al3+ ion (Nordstrom and Ball 1986, Nordstrom and Alpers 1999, Cravotta 2008). These 
sulphate and hydroxysulfate complexes enhance the solubility of Al at low pH by moving the 
formation of Al(OH)3 solid species to higher pH (Cravotta 2008). At pH 4.5-4.9, Al is thought 
to transition abruptly to non-conservative behaviour, and [Diss Al] becomes controlled by 
precipitation of microcrystalline Gibbsite (Al(OH)3) or an alternative amorphous Al-
hydroxide phase.  
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This transition from conservative to non-conservative behaviour corresponds to the 
commencement of Al3+ hydrolysis; 
Al3+ + H2O = AlOH
2+ + H+ 
(Nordstrom and Ball 1986). 
 This hydrolysis causes the [Al3+] to decline rapidly as the formation of Al hydroxide 
complexes and solid phases increases (see Fig 4.3). These trends are illustrated in various 
overseas field examples such as the Red River, USA (Nordstrom 2011), and Leviathan Creek 
in the USA (Nordstrom and Ball 1986- see Fig 4.3). In a study in Garvey Creek on the West 
Coast of New Zealand, Al3+ was found to be the dominant Al species at pH<4.5, but 
decreased and was replaced by  Al hydroxides and Al-organic species, as pH increased due 
to dilution by neutral pH, Inangahua River water (Hermann & Baumgartner 1992). 
 
Fig 4.3 Log Al activity vs pH illustrating the reduction in [Al3+] in AMD affected waters from 
the Leviathan Creek basin, due to the transition from conservative to non-
conservative behaviour at around pH=4.6, controlled by precipitation of Al-
hydroxide phases (from Nordstrom and Ball 1986- with permission) 
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4.2.1 Dissolved Al Speciation in Stockton Waterways  
The speciation of dissolved aluminium (as ICP-MS Al<0.45µm) in the waterways of the Stockton 
Plateau, has been modelled using PHREEQC (Parkhurst & Appelo 1999). From this modelling 
the concentrations of inorganic and organic Al complexes, and the potential for formation of 
solid phases, can be ascertained. The effect of these on the [Al3+] and hence toxicity can be 
determined. 
i) Al-Hydroxide Complexes 
Similar trends to those seen in the studies discussed in Section 4.2, are seen in the 
waterways of Stockton. Fig 4.4a shows the activity of Al3+ as a function of pH. At pH ≈4.5 a 
break in trendline occurs and Al3+ activity decreases more rapidly with increasing pH. This 
transition is even more apparent in Fig 4.4b which plots the proportion of [Diss Al] present 
as Al3+ against pH. Declining Al3+ activity and concentration, with increasing pH above pH= 
4.5, coincides with the beginning of Al hydrolysis, as reported by Nordstrom and Ball (1986). 
Therefore it is likely that above this pH, complexation by Al-hydroxides is important in 
Stockton waterways. Fig 4.5 confirms the importance of Al-hydroxide complexes at pH>4.5, 
as the concentration rise rapidly from approximately 10% of [Diss Al].  
ii) Al-Sulphate Complexes 
At pH<4.5 little correlation is seen between pH and [Al3+]/[Diss Al] indicating that pH is 
unlikely to be a controlling factor on [Al3+] (Fig 4.6). The scatter in [Al3+]/[Diss Al] in the low 
pH samples seen in Fig 4.6, seems to indicate control of [Al3+] by complexing ligands other 
than hydroxides.  [Al3+] as a proportion of [Diss Al] declines with increasing [SO4] in the 
Stockton samples with pH<4.65 (Fig 4.7), indicating that Al complexation by SO4 may be 
limiting [Al3+].  
To test the effect of [SO4] on [Al
3+], modelling was used to vary [SO4] in a single sample while 
maintaining a constant pH. This was conducted for samples of various pH to investigate 
whether a possible SO4 effect on [Al
3+] varied at differing pH levels. The results presented in 
Fig 4.8 illustrate that [SO4] does affect the proportion of Diss Al present as [Al
3+], but that 
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the effect declines rapidly between pH 4.65 and 5. Fig 4.8 also seems to indicate that the 
initial increases in [SO4] have the greatest effect on [Al
3+]/[Diss Al].  
a) 
 
b) 
 
Fig 4.4 a) Plot of Al3+ activity vs pH for samples from Stockton waterways. A break in slope is 
evident at approximately pH=4.5, and b) [Al3+] as a proportion of [Diss Al] vs pH. 
The break in slope occurs at around pH= 4.5. 
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Fig 4.5 The proportion of [Diss Al] present as Al-hydroxide complexes as a function of pH. Al-
hydroxides become >10% above pH≈4.5 and rapidly become predominant above 
pH≈5.5. 
 
 
Fig 4.6 [Al3+] as a proportion of [Diss Al] vs pH in samples of pH<0.465. 
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Fig 4.7 The declining proportion of [Diss Al] present as Al3+ with increasing [SO4] in samples 
of pH<0.465. 
 
 
Fig 4.8 Al3+ as a proportion of [Diss Al] vs [SO4] with samples of varying pH. All variables were 
kept constant for each pH except for [SO4] 
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iii) Other Inorganic Al-Complexes 
Inorganic water chemistry other than pH and [SO4], may also be important in Al speciation 
and hence toxicity. Flouride (F) and Silica (Si) also form complexes with Al and hence reduce 
[Al3+]. However F is likely to be strongly complexed by organic matter and hence unavailable 
to complex Al in streams with significant organic acid contents (Stenzel & Herrman 1990). 
Similarly aluminosilicate complex formation is only likely to be important at very high Si 
concentrations (Gensemer and Playle 1999). The Al-silicate complex AlH3SiO4 was included 
in the geochemical modelling of Stockton waters but did not achieve a significant 
concentration. Fig 4.9 illustrates that at about pH≈5-5.5, AlH3SiO4 attains a maximum 
proportion of <1% of [Diss Al].  
 
 
Fig 4.9 Proportion of [Diss Al] present as Al-silicate species.  
iv) Organic Al-complexes 
Dissolved Organic Material is likely to be an important ligand for Al. Humic and fulvic acids 
are the most important organic fraction in most waters, and of these fulvic acid 
predominates at neutral and acid pH (Nordstrom and May 1996, Gensemer and Playle 
1999), with humin and humic acid being largely insoluble (Markich and Brown 1999). The 
formation of Al-organic complexes can occur at low pH however they are much more stable 
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with increasing pH (Gensemer and Playle, 1999). Organic complexation reduces [Al3+] as well 
as moving Al hydrolysis to higher pH, in effect increasing the solubility of Al at the same time 
as decreasing its toxicity (Gensemer and Playle 1999, Roy and Campbell 1997). The Garvey 
Creek study of Hermann & Baumgartner (1992) illustrated these trends, with Al-organic 
complexes forming a significant component of the Al species and increasing in concentration 
as pH increased.  
An Al-fulvate complex is considered in the geochemical modelling of the Stockton 
waterways. Fig 4.10 shows that the fulvate complex is not a major component of Al 
speciation at the lower pH seen in the most AMD affected Stockton waterways. However as 
pH increases to 4.5-5, fulvate comes to play a significant role and may have an important 
effect on Al toxicity at pH>4.5. The concentration of DOM has a lesser effect than pH. For 
example, T35-2/9 and T35-2/10 have the same DOM (1.5 mg/L DNOPC) but in T35-2/9 at 
pH=5.94, Al-fulvate complexes comprise almost 40% of [Diss Al], whereas in T35-2/10 
(pH=3.52) Al-fulvate complexes are around 1%. As Fig 4.10 indicates, at pH>5, fulvate 
complexation does not increase further with increasing pH.  
 
Fig 4.10 The proportion of [Diss Al] present as an Al-fulvate complex as a function of pH in 
the Stockton waterways sampled.  
 
Chapter 4- Discussion 
57 
 
The effect of [fulvate] on [Al3+] was tested by modelling the effect of varying fulvate 
concentrations in three samples of different pH. The results are presented in Fig 4.11 and 
confirm that increasing [fulvate] does reduce [Al3+] in samples with pH around 5. At pH ≈ 5.9 
however, [Al3+] concentrations are already low and respond to increases in [fulvate] by 
reducing further. At in low pH, eg in Herb -2/1, fulvate exerts no control over [Al3+]. 
 
Fig 4.11 The effect of changing fulvate concentrations on Al3+ speciation at differing pH 
 
4.2.2 Synthesis of Dissolved Al Speciation Modelling of Stockton Waterways 
Fig 4.12 presents significant Al species predicted by geochemical modelling, as a proportion 
of [Diss Al], for the varying pH of all analysed field samples. It can be seen that at low pH, 
AlSO4
+ and Al3+ dominate Al speciation, and [AlSO4
+] and [Al3+] appear inversely correlated 
below pH≈3.9. Above this pH, Al3+ quickly becomes the dominant species until pH≈4.5, at 
which stage Al-hydrolysis begins and [Al-fulvate] increases rapidly. The Al-fulvate complex 
comes to dominate speciation at pH≈5 while the various hydroxide species increase steadily 
from pH≈4.5.  
In terms of toxicity, samples with pH ≈3.8- 4.8 have their [Diss Al] overwhelmingly 
dominated by the toxic free ion, Al3+. At the lower end of this pH range, [Diss Al] is high but 
the proportion present as Al3+ is mitigated by high [SO4] and the formation of the AlSO4
+ 
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complex. Hence at low pH, high [SO4] are advantageous in terms of Al toxicity. However at 
pH>4.6 increased [SO4] no longer has such a strong mitigating effect.  
The dominance of Al-fulvate complexes at pH≈5-5.5 is perhaps surprising given the lack of 
DOM-complexes in the speciation plot derived by Gensemer and Playle (Fig 1.4). However 
the two samples which fall in that pH range are the undisturbed catchments of T35-2/4 and 
T35-2/6 which have relatively high DOM (DNOPC= 4 mg/L and 7.2 mg/L respectively).  
 
Fig 4.12 Significant Al-species as a proportion of [Dissolved Al] vs pH, for all samples from 
T35, T31, Herbert and Cypress Streams and Mt Frederick Quarry Lake. 
The effect of low [DOM] can be seen in Fig 4.13 in which speciation is modelled for a single 
sample with varying pH. The modelled sample, T35-2/5 has a low pH (3.81), elevated [Diss 
Al] (1.04 mg/L) and a low [DOM] (DNOPC= 1.2mg/L). As pH is increased in the model the 
fulvate-complex is much less significant in the speciation than was indicated in Fig 4.12. 
Instead Al-hydroxide complexes dominate at a pH>5.5. It should also be noted that in this 
particular low pH sample (pH=3.81), the [SO4] is also relatively low (25.4 mg/L) and [Al3+] is 
not mitigated by AlSO4
+ at pH<4.5. 
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Fig 4.13 Modelled speciation of dissolved aluminium in Sample T35-2/5, where pH has been 
varied using the geochemical model, PHREEQC.  
4.2.3 Saturation with Respect to Solid Aluminium Phases 
Saturation indices (SI) for solid mineral phases are produced by the geochemical model 
PHREEQ. A SI is calculated from ion activity products relative to a theoretical equilibrium 
between aqueous and solid species, and SI>0 indicates that thermodynamic conditions 
favour the precipitation of a solid phase. It should be noted that saturation indices derived 
from geochemical modelling assume thermodynamic equilibrium conditions, which may not 
be the case (Webster-Brown 2005). In addition the Al input data utilised in this research was 
[Diss Al] not total acid soluble Al, and hence does not include actual solid Al phases >0.45µm 
that may be present. As a result saturation indices should be treated with a high degree of 
caution but may be a useful indicator of possible precipitation, particularly where values 
significantly above 0 are indicated. In the Stockton waters modelled, several 
hydroxysulphate and hydroxide mineral phases have SI >0 (Fig 4.14).  
Despite studies indicating conservative behaviour by Al below pH≈4.6 (eg; Nordstrom and 
Alpers 1999), several authors have suggested that the [Diss Al] and [Al3+] may be limited at 
pH<5.5 by saturation of an Al hydroxysulfate mineral phase, similar to jurbanite 
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(Al(SO4)(OH)-5H2O) (Filipek et al 1987, Nordstrom and Ball 1986, Hermann & Baumgartner 
1992, Cravotta 2008). The saturation indices in Fig 4.14 indicates that it may be theoretically 
possible for an Al-hydroxy-sulfate phase such as jurbanite to precipitate at low pH in 
Stockton waterways. However Nordstrom and Alpers (1999) consider precipitation of 
jurbanite in low pH conditions as unlikely and rarely observed. The saturation indices in this 
study barely reach 0. Bigham and Nordstrom (2006) point out that if jurbanite limited the 
[Diss Al] in AMD waters, then an inverse correlation with [SO4] in low pH samples might be 
expected, as opposed to the positive correlation generally seen (Cravotta, 2008). This 
positive correlation is also observed in the analyses from Stockton (see Fig 4.1 and 4.14). 
Despite the high [SO4] indicative of significant AMD effects, [ICP-MS Al] in the Mt Frederick 
quarry water is much lower than background stream concentrations (MF-2/1=0.034 mg/L). 
A precipitate of an Al-hydroxide, such as Gibbsite (Al(OH)3) or Boehmite (AlOOH), could 
explain the low [Diss Al] by removing Al from the solution. Saturation indices are 
significantly higher than 0 for these mineral phases in samples of high pH (Fig 4.14). This 
hypothesis is also supported by a significant difference between [acid soluble total Al] 
(0.166mg/L) and [ICP-MS Al<0.45µm] (0.034mg/L), in MF-2/1, this being one of the few 
samples to display a reducing [ICP-MS Al] with filtration (refer Section 4.2.4 iii). This 
precipitate is also likely to occur in T35-2/9, another site where high [SO4] is accompanied 
by a low [Diss Al]. MF-2/1, T35-2/9 and T35-2/6 are the three samples with SI>1 for 
Boehmite and Gibbsite in Fig 4.14. Precipitation in T35-2/6 which is unimpacted by AMD, is 
considered unlikely due to the rarity of solid Al phases in natural waterways (Webster-
Brown, 2005). These samples all have pH>5.6 and while it is possible that Gibbsite may be 
precipitating at 4.6<pH<5.6 (Fig 4.14) no other evidence was found for this and further work 
would be required to ascertain whether this is indeed occurring. 
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Fig 4.14 Saturation indices vs pH, for selected mineral phases modelled in PHREEQC for the 
Stockton waterways. 
4.2.4 Differences Between Analytical Methods; A Direct Measure of Speciation? 
During the analysis of dissolved Al<0.45µm, it became apparent that there were significant 
differences for many samples between the concentrations determined by the HACH 
Aluminon method, and those by the ICP-MS method (Table 3.2). The degree of difference 
varies from nil to nearly 50%. An Al standard tested by the Aluminon method (see Section 
2.4), indicated that the analytical method gives correct results and therefore the differences 
between the methods are not due to random error.  
One significant difference between the analytical methods, is the degree of acidification 
prior to analysis, and hence the degree of acid digestion of any Al-bearing complexes or 
solids present. The ICP-MS method analyses samples which have been acidified with 
concentrated nitric acid to pH≤2. The Aluminon method in contrast, requires the sample to 
be buffered to pH≈3.5-4.5 before analysis. Nor does the method change the pH of the 
sample significantly during analysis. In the ICP-MS method, strong aluminium complexes 
may be dissociated by the acidification to low pH, and fine colloids (ie <0.45µm) dissolved. 
At the higher pH of the Aluminon method this would not occur, and so the Aluminon 
method may provide a better indication of the non- or weakly complexed, and hence more 
bio-available and toxic, Al fraction. Notably, analysis by Aluminon method of a sample 
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acidified to pH<2 for preservation purposes, produced a similar difference between the 
methods, indicating that the 20 minutes taken to complete the Aluminon analysis is time 
enough for substantial re-equilibration of Al speciation to occur. This is consistent with 
previous studies indicating that Al speciation reactions occur rapidly in natural aqueous 
environments (eg Gensemer and Playle, 1999) 
Fig 4.15a indicates that the difference between the two methods is poorly correlated with 
pH although samples of pH>4.5 appear to show a slight positive correlation (R2=0.46). Fig 
4.15b shows that the difference between methods is not related to the concentration of Al 
or SO4. Hence the difference between methods appears to be unrelated to AMD impact. 
There are several possible explanations for the differences as discussed below.  
i) A Fine Colloid Not Measured by the Aluminon Method 
One possible explanation is the precipitation of a fine Al- colloid of <0.1µm which passed 
through the filter but would be redissolved by acidification to pH≤2. Major differences 
between the methods are evident for all pH levels, hence for this hypothesis to be valid, a 
precipitate it would be required to form at both high and low pH. The precipitation of solid 
Al phases has been discussed in Section 4.2.3 and is considered unlikely at low pH In 
addition, Fig 4.16a shows that saturation indices for jurbanite only approach 0 in samples 
where the difference between methods is low.  
As discussed in Section 4.2.3, precipitation of a solid Al-hydroxide phase, is likely at pH>5.6. 
Fig 4.16b shows the saturation indices for Gibbsite (Al(OH)3) which display a generally rising 
trend with increasing difference between methods The inability of the Aluminon method to 
digest and hence measure, such a Al-hydroxide phase, may explain at least some of the 
difference between analytical methods at pH>5.6, including the fact that the greatest 
difference between methods occurs in the Mt Fred Quarry Lake where pH=6.64. It is 
unlikely, however, to explain the method differences in the majority of samples, especially 
where pH is well below the level at which Al hydrolysis begins. 
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a) 
 
b) 
 
Fig 4.15 Diference between analysed ICP-MS Al and Aluminon Al as a function of a) pH and 
b) [Diss Al] and [SO4] 
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a) 
 
b) 
 
Fig 4.16 Plot of saturation Index for a) Jurbanite and b) Gibbsite (Al(OH)3), vs the difference 
between analytical methods.  
ii) Presence of strong Al-complexes 
The presence of strong Al-complexes, not dissociated by the Aluminon method, may also 
cause a difference in [Diss Al] between the methods. In this case the difference should be 
more pronounced in those samples with high proportions of strong Al-complexes. The 
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strength of a complex can be assessed from its stability constant K0 which represents the 
degree to which equilibrium favours reaction products over the reactants. Stability 
constants for some common Al complexes are presented in Table 4.1. Note that Al- citrate is 
the complex which has been used in this research to represent Al-fulvate, as its stability 
constant is among the highest of the highly variable Al-organic complexes. Hence the extent 
of Al-fulvate complexing may be over represented in this research. 
 Al-citrate (fulvate) and AlSO4
+ are relatively strong compared to the hydroxide complexes 
and as such are candidates for complexes which cannot be dissociated by the Aluminon 
method.  
Table 4.1 Stability Constants for common Al-complexes (Markich & Brown 1999). 
Complex Stability Constant (logK0) 
Al-citrate (proxy for Al-fulvate) 10.27 
AlSO4
+ 4.2 
AlOH2+ -4.95 
Al(OH)2
+ -10.5 
Al(OH)3
0 -16.99 
 
Fig 4.17 illustrates a positive correlation between dissolved organic carbon and the 
difference between analytical methods for many samples. In these samples the Al 
associated with fulvate complexes is likely to be a component of the Al not measured by the 
Aluminon method. There are several exceptions from this trend; MF-2/1 T35-2/3 and Herb-
2/2, all with high [SO4] relative to [Diss Al], plot well to the right of the trendline. T35-2/5 
and T31-2/1, also with high [SO4], plot slightly to the right of the trendline.  Hence the 
outliers from the main trendline could be explained if Al-sulphate complexes were also not 
dissociated by the Aluminon method. Differences in MF-2/1 analyses are more likely to be 
to a result of Al-hydroxide precipitation as noted in Section 4.2.4 (i).  
Chapter 4- Discussion 
66 
 
 
Fig 4.17 Dissolved organic carbon vs the difference (%) between the two analytical methods. 
iii) The Effect of Filtration 
Another difference between the two analytical methods is that the Aluminon method 
commonly shows a filtration effect. This refers to the difference in the [Diss Al] observed in 
samples filtered through 0.45, 0.22 and 0.1µm filter membranes.  
The only sample to show any filtration effect in the ICP-MS analyses was MF-2/1 (Table 3.3) 
which can be explained by the formation of colloidal Gibbsite or other Al-hydroxide mineral 
(refer to Section 4.2.3). However the filtration effects which are evident only in the 
Aluminon analyses (Table 3.3), are more difficult to explain, as the presence of filterable 
colloidal solids in the 0.1-0.45µm size range, should also be evident in the more aggressively 
digested ICP-MS analyses of the filtered samples. If the Aluminon method, being too weak a 
digestion process to break down fine colloids, is only measuring truly dissolved Al, then the 
analytical results should be the same for all filtrations of the same sample. Therefore to 
explain the filtration effect seen in the Aluminon method samples, an indirect mechanism 
affecting Al speciation, resulting from the filtration method itself, may be required. Further 
work is needed to investigate this effect, but a possible mechanism may be the removal of a 
solid, non-Al compound (eg Fe-hydroxide) by filtration, which may change the 
thermodynamic equilibrium in the sample leading to an increase in the concentrations of Al 
complexes which the Aluminon method cannot dissociate. Hence the apparent [Diss Al] in 
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the sample would decrease for the Aluminon method but not the ICP-MS method. Due to 
this filtration effect, Aluminon Al<0.1µm have not been used in this study. 
The ICP-MS analyses do show a reduction in [Al] between unfiltered and 0.45µm filtered 
samples for the only two samples (Herb-2/1 and MF2/1) analysed for total Al. The MF-2/1 
sample shows a greater reduction in [Al] with filtration which is consistent with precipitation 
of an >0.45µm, Al-hydroxide colloid as discussed previously. Herb-2/1 shows a lesser 
filtration effect and given the conservative nature of Al at pH<4.6, this is unlikely to be due 
to a colloidal phase. A possible mechanism is the adsorption to suspended particulate 
matter (SPM) such as clays or non-Al colloidal material. 
iv) Aluminon Al Analysis as a Measure of Al Toxicity 
The preceding Sections raise the question; can the Aluminon method be used to assess Al 
toxicity directly by providing a measure of [Al3+]. If the strong Al complexes discussed 
previously are causing the difference between the analytical methods, the speciation plot in 
Fig 4.12 should give some indication of the pH levels at which the difference should be 
greatest; at low pH where relatively strong AlSO4
+ predominates in high [SO4] waters, at 
pH>5 where strong organic complexes become significant, and at pH>5.6 where colloidal Al-
hydroxide phases may be present. In these cases the Aluminon methods might be expected 
to give a lower [Diss Al], while the higher ICP-MS method analyses include the complexes 
the Aluminon method cannot dissociate. Fig 4.18 plots [Diss Al] for the two methods as well 
as the [Al3+] and illustrates diverging concentrations at pH>4.5 where the difference 
between the ICP-MS and Aluminon analyses is likely to be due to dissociation (or not), of the 
Al-fulvate complexes and the dissolution of solid hydroxide phases. The difference between 
Aluminon Al and Al3+ reflects the inclusion of weak Al-hydroxide complexes which will be 
dissociated and hence included in the Aluminon analysis. The Aluminon analyses also 
diverge from the ICP-MS Al line for low pH samples where the [SO4] is high, reflecting the 
strong Al-sulphate complexes. Aluminon [Diss Al] generally tracks closer to [Al3+] than the 
ICP-MS [Diss Al]. Unfortunately the complexities of speciation mean that the Aluminon 
method does not track Al3+ perfectly.  
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a) 
 
b) 
 
Fig 4.18 [Diss Al] derived by the two analytical methods and [Al3+] obtained from speciation 
modelling using the [ICP-MS Al<0.45µm] as a function of pH for a) all samples (log axis 
used to clarify difference in higher pH samples), and b) for lower pH samples. 
This can be more clearly identified in Table 4.2 which presents the percentage of dissolved 
Al present as Al3+ for the two different analytical methods, for the pH <5. It can be seen that 
the Aluminon [Diss Al<0.1µm] is the closest approximation to [Al
3+] in most samples, but that 
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filtration to <0.1µm appears to result in [Diss Al] < [Al3+] ie an over-estimation of Al3+. 
Factors giving rise to this are discussed in Section 4.2.4 (iii).  
The best agreement between the Aluminon [Al<0.45µm] and [Al3+], occurs at 4 < pH < 5. 
This is the pH range of highest Al3+ dominance (see Fig 4.12), and hence the range of 
greatest Al toxicity. It also spans the pH range (4.5-5) which has been recommended for 
AMD water remediation (Greig et al, 2010) and is targeted by Solid Energy NZ Ltd for water 
quality management (≥4.7 Trumm et al 2008). As such the Aluminon method may provide a 
quick, inexpensive method for on-site determination of the more bioavaliable fractions of 
dissolved Al in this pH range. This would require the establishment of the ecotoxicity 
thresholds, related to [Aluminon Al] or [Al3+], rather than [ICP-MS Al],  or the modelling of 
ICP-MS Al analysis results to produce [Al3+] thresholds which could then be approximated by 
Aluminon analysis for samples with 4<pH<5. One problem with the use of the Aluminon 
method is the inability to compare results with historic ICP-MS data, or data from external 
agencies who may be more likely to use ICP-MS analysis. It should also be noted that 
Aluminon method results should not be utilised for [Diss Al] for geochemical modelling, as 
the method is not a good estimation of the ‘total dissolved’ Al required.  
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Table 4.2 The percentage of dissolved Al present as Al3+ for samples in the pH range of most 
Stockton waterways. mg/L of Al are given for the two different methods. 
pH 
Alum 
<0.1µm 
Alum 
<0.45µm 
ICP 
<0.45µm [Al3+] 
% Al3+/ICP 
Al<0.45 
% Al3+/Alum 
Al<0.1 
% Al3+/Alum 
Al<0.45 
3.39 3.60 4.36 8.30 3.25 39.2 90.4 74.6 
3.44 0.792 1.29 1.52 1.03 67.9 130 79.5 
3.44 0.686 1.69 1.75 1.11 63.8 162 66.0 
3.52 22.7 24.2 27.0 9.41 34.9 41.4 38.9 
3.77 0.387 0.601 0.540 0.411 76.1 106 68.3 
3.79 3.13 3.18 3.10 1.92 62.2 61.6 60.5 
3.81 0.839 1.03 1.26 0.842 66.8 100 81.4 
3.87 11.4 13.1 13.9 7.50 54.0 65.5 57.2 
4.54 0.277 0.277 0.430 0.307 71.4 110 110 
4.64 0.751 1.01 1.30 0.801 61.6 106 79.2 
4.65 0.597 0.562 0.660 0.423 64.1 70.8 75.2 
4.75 0.136 0.251 0.410 0.231 56.3 169 91.9 
4.93 0.136 0.197 0.370 0.173 46.7 127 87.8 
        
    
Mean 58.8 103 74.7 
 
4.3 The Effect of AMD and Aluminium on Macroinvertebrate Communities 
Macroinvertebrates have been found to be relatively tolerant to elevated [Diss Al] when 
compared to fish (Gensemer and Playle  1999), however they are well a recognised indicator 
of contaminant effects on aquatic ecology. The measures of macroinvertebrate community 
diversity presented in Table 3.7, have been compared with indicators of AMD and [Diss Al] 
to identify significant impacts on these communities.  
4.3.1 The Impact of AMD 
The best indicators of AMD, as previously noted, are low pH and high [SO4]. Fig 4.19 shows a 
reduction in taxa richness corresponding to both declining pH and increasing [SO4]. The 
samples MF-2/1 and T35-2/9 which have reduced taxa richness, do not have a low pH, but 
do have a high [SO4], (and have low [Diss Al]), implying that the macroinvertebrate 
communities are affected by AMD despite the neutralisation of AMD pH conditions (refer to 
Section 4.3.3).  
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In broad terms, the effect of increasing AMD impact is the progressive reduction in taxa 
richness. Lesser impacted streams provide habitat for organisms from up to 30 taxa, while 
the most impacted streams have only 4-5 taxa present. As AMD impact increases to the 
level seen in T31 (pH=3.44, [SO4]=34mg/L), mayflies (Ephemeroptera) dissappear, along with 
all but one taxa of stoneflies (Plecoptera). However the organisms that do survive are highly 
successful, as demonstrated by the high abundance of particular taxa. In Herbert Stream 
(pH=3.39, [SO4]=159mg/L), organism richness and abundance are both severely reduced 
and the community is dominated by orthocladinae chronimids (Diptera) as well as  a few 
caddisflies (Trichoptera). In T35-2/10, the most impacted site studied (pH=3.52, 
[SO4]=217mg/L), only a very few Diptera individuals survive, along with a single caddisfly and 
a few Acarina. 
4.3.2 The Impact of Dissolved Aluminium Concentration 
Fig 4.20a illustrates the relationship between taxa richness and [Diss Al] (ICP-MS Al<0.45µm) 
for all taxa and for EPT taxa, while Fig 4.20b provides greater clarity to the trends at the 
lower *Diss Al+. There appears to be a threshold of *Diss Al+ ≈0.6mg/L, below which richness 
increases rapidly. The two samples falling off this trendline (low Al and richness) are T35-2/9 
and MF-2/1 and as discussed previously, the low Al in these samples is anomolous with 
respect to other AMD affected waters due to precipitation of Al-hydroxide phases.  
 
 
 
 
 
 
 
 
Chapter 4- Discussion 
72 
 
a) 
  
 
b) 
 
Fig 4.19 The relationship between Taxa richness and a) pH (he trendline does not include 
the two outlying samples) and b) [SO4] (the trendline includes MF-2/1 and T35-2/9) 
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4.3.3 The Impact of Aluminium Speciation 
Fig 4.21 plots taxa richness against [Al3+] and again a threshold concentration appears to 
exist below which taxa richness increases rapidly. The samples closest to the threshold are 
T35-2/7 and T31-2/3 with [Al3+] of 0.423 and 0.411 mg/L respectively. It should be noted 
that there is a significant difference in the pH of these samples (4.65 cf 3.77) indicating that 
the Al concentration (and Al3+ in particular) is a greater deteminant of ecological health than 
pH. This is consistent with the work of Greig et al (2010) on metal toxicity in fish in West 
Coast streams. No mayflies (Ephemeroptera) were found at [Al3+]> 0.42mg/L. Ecotoxicity 
testing would be required to test this threshold, and to confirm the free ion toxicity 
hypothesis that [Al3+] is controlling toxicity.  
The two streams unimpacted by AMD, T35-2/4 and T35-2/6, have the highest taxa and EPT 
taxa richness, despite a natural acidity (pH and 5.65) and, in the case of T35-2/6, relatively 
high *Diss Al+ compared to other ‘background’ streams (Black et al 2005). T35-2/4 was the 
only stream in which freshwater crayfish (Paranephrops) were found (Fig 4.22). From the 
modelling in this study, it appears that the Al in these streams is largely complexed by 
fulvate (see Fig 4.12), and hence the [Al3+] is low. The importance of organic complexing of 
Al, is illustrated in the work of Collier (1988) and Stenzel & Herrmann (1990) in New Zealand 
brownwater streams. These streams are naturally acidic (pH down to 4.5) and do sometimes 
have naturally elevated Al concentrations. However as the acidity is derived from organic 
acids and the Al is largely present in organic complexes rather than toxic free ions, they 
often host a healthy ecology (Harding 2005, Kitto 2009). 
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a) 
 
b) 
  
Fig 4.20 a) The relationship between taxa richness and dissolved Al (ICP-MS Al<0.45µm) and b) 
with the three highest [Diss Al] samples removed to clarify trends at lower Al 
concentrations. The two samples at furthest bottom left are T35-2/9 and MF-2/1. 
EPT = Ephemeroptera, Plecoptera and Trichoptera. 
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Fig 4.21 The relationship between taxa richness and Al3+ with the two samples with highest 
*Diss Al+ removed to clarify trends at low *Diss Al+. All org’s = all taxa, EPT = 
Ephemeroptera, Plecoptera and Trichoptera.  
 
 
Fig 4.22 Freshwater crayfish Paranephrops found at T35-2/4 
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As seen in Fig 4.19 the stream draining the Mt Frederick quarry lake (MF-2/1), and the 
stream of T35-2/9 have low taxa richness despite high pH and low [Diss Al]. The likely 
precipitation of colloidal Al (and Fe)-hydroxides (as discussed in Section 4.2.3) appears to 
have had an detrimental effect on taxa richness. This may be due to a direct toxic effect of 
the colloidal material itself, an effect on habitat (Harding and Boothroyd 2004) or the 
hydrolysis of Al on biological surfaces at pH 5-6 (Poleo 1995, Soucek 2003). It is also possible 
that these sample sites have low richness due to other, non-chemical reasons, and it should 
be noted that no white precipitate was noticed at the sample sites, Nonetheless the reality 
and mechanism of Al-hydroxide precipitate effects, is worthy of further work as it has 
significant implications for management of the AMD issues (as discussed in Section 4.5.2 & 
4.5.3). 
4.3.4 Other Factors 
A similar threshold effect is evident with respect to species abundance (Fig 4.23), however 
this is confused by the very high numbers of organisms that occur at some sites with 
elevated [Diss Al] . T31 Stream in particular has the highest number of organisms collected 
at any site, despite having elevated [Diss Al]. For example T31-2/1 has nearly 3 times the 
number of organisms as was collected from the undisturbed site T35-2/6. T35-2/5 is also 
surprising for its number of organisms (123) given that the streambed was heavily coated in 
a brown precipitate which is likely to be a Fe-hydroxide (Fig 4.24).  However these 
communities are dominated by a few taxa, predominantly Orthocladinae (chironomids) and 
in the case of T31 stream, Hydroptilidae caddisflies (Trichoptera). This is consistant with 
other studies which demonstrate a tolerance to low pH and elevated metal concentrations 
for a few macroinvertebrate taxa in similar streams (Winterbourne 1998, Kitto 2009, Greig 
et al 2010).  Hickey and Clements (1998) found that certain caddisflies and chironomids 
showed a much greater tolerance to heavy metals than did other taxa. They found that EPT  
and total taxa richness, as well as Mayfly abundance and richness, were the best indicators 
of heavy metal contaminantion in waterways. The results from this research were consistant 
with those findings.  
The very high numbers of organisms in streams of limited richness, such as T31, could be 
due to a number of factors such as stream bed substrate composition and stability, 
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abundance of food resources, or lack of predation. Such factors are very difficult to isolate 
and cannot be examined in detail in this research.  O’Halloran et al (2008) suggest that pH is 
the primary driver of toxicity in mayflies, however in this research relatively high pH sites 
such as T35-2/9 and MF-2/1 were very much reduced in mayfly abundance and diversity. 
 
Fig 4.23 Organism Abundance plotted against [Al3+] 
Several studies have shown that Ca and Si may reduce Al toxicity to fish, beyond their effect 
on Al-speciation, by competing with Al for binding sites on biological surfaces (Brown 1983, 
Camilleri et al 2003). No such study regarding a similar effect for macroinvertebrates has 
come to the attention of this author.  
Calcium does not appear to have an effect on macroinvertebrate taxa richness in the 
streams of this study. However the Si:[Diss Al] ratio does appear to be correlated with taxa 
richness (Fig 4.25), even though, as discussed in Section 4.2.1 iii), Si complexing is not 
significant in Al speciation. It is possible then, that Si may be having some direct effect on 
reducing toxicity in macroinvertebrates, by competing for binding sites at biological 
surfaces.  
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Fig 4.24 Brown precipitate coating rocks at T35-2/5 
 
 
Fig 4.25 Relationship between Si/Diss Al ratio and taxa richness. MF-2/1 has not been included. 
The outlier is T35-2/9 which has a very high Si/Al due to removal of Diss Al by 
precipitation or adsorption. The trendline does not include this outlier. 
 
Chapter 4- Discussion 
79 
 
4.4 Dissolved Aluminium Analyses for Environmental Management 
Due to the varying Al3+ component of [ICP-MS Al], an option for rigorous environmental 
monitoring is the establishment of [Al3+] thresholds (eg 0.46mg/L from this research) and 
then modelling of Al speciation for all [ICP-MS Al] results. This requires the analysis of Al, 
major ions, SO4, HCO3 and DNOPC, an expensive and time consuming process. Alternatively 
a conservative environmental target for [ICP-MS Al] could be determined from samples 
where Al3+ is a dominant species and hence toxicity is at its greatest (eg 0.6mg/L from this 
research). While this conservative target may be more stringent than that required for 
water where the Al3+ component is lower, environmental protection would be more 
consistent. Although Aluminon Al analysis is not a proxy for [Al3+], it does seem to give a 
closer indication of this bioavailable Al species and hence could perhaps be used in 
ecotoxicity thresholds. One problem with the use of Aluminon method [Diss Al], is that 
comparison with historical data and data from external agencies, who may use ICP-MS 
analyses, may be problematic. Use of a conservative [ICP-MS Al] may provide the most 
practical environmental target for [Diss Al]. The threshold samples T35-2/7 and T31-2/3 
which have [Diss Al] =0.66mg/L and 0.54 mg/L respectively (Fig 4.20b), both have very high 
proportions of Al3+ (71% and 85% of dissolved Al respectively). As such these samples may 
indicate an appropriate environmental target, if using ICP-MS Al analysis, of 0.6 mg/L 
dissolved Al. 
Ecotoxicity work undertaken recently on freshwater algae (Pseudokirchneriella) gave [ICP-
MS Al<0.45µm] EC10 and EC50 (concentrations of [Diss Al] required to reduce cell growth by 
10% and 50% respectively) of 0.43 and 0.86 mg/L using Stockton Stream water (Hickey, 
2011). While this is obviously not macroinvertebrate ecotoxicity work, the figures are similar 
in scale to the threshold of 0.6 mg/L ICP-MS dissolved Al, from this research.  
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4.5 Dilution as a Management Solution for Low Volume Streams 
Limited infrastructure space and the ongoing management requirements over long liability 
periods, make passive treatment methods the most viable for dealing with AMD impacted 
streams on the Stockton Plateau. For low volume drainages such as the Herbert Stream, 
dilution by more neutral water is an attractive option. A large volume, neutral water source 
is immediately at hand in the Mt Frederick quarry lake (quarry lake) however the effects of 
such dilution on water chemistry and stream ecology need careful consideration. To this end 
the effects of natural dilution in Stockton waterways was investigated and dilution 
experiments conducted. 
4.5.1 Dilution Effects at Natural Stream Junctions 
Analysis of water chemistry parameters in the Stockton waterways reveals the effects of 
natural dilution on pH, [SO4] and Al concentrations and speciation.  
i) T35 Stream Junctions 
The conservative behaviour of sulphate in freshwater systems mean that the [SO4] can be 
used to calculate the dilution which occurs at stream junctions. This in turn can be used to 
calculate a theoretical [Diss Al], and any difference between the theoretical and measured 
[Diss Al] may indicate the removal or addition of Al. For example a drop in pH at a stream 
junction could result in a colloidal Al-hydroxide phase being dissolved below the confluence 
and hence a measured [Diss Al]> theoretical [Diss Al].  
Moderate [SO4] in T35-2/9 near the Fly Creek mine road indicate an impact by AMD despite 
a high pH (5.94). The very low [Diss Al] (0.086mg/L) is probably due to the precipitation of 
an Al-hydroxide phase. Not far downstream T35-2/10, a highly AMD impacted stream 
draining extensively excavated BCM (see Fig 2.3), flows into T35-2/9. Below the confluence, 
at T35-2/8, pH drops to 3.87 and the [SO4] concentration rises to 79 mg/L. Theoretical [Diss 
Al] at T35-2/8 should be 8.1 mg/L while the analysed [ICP-MS Al<0.45µm] was higher, at 13.9. 
This suggests that dissolved Al is being added by a dissolving Al-hydroxide, carried in 
suspension from T35-2/9. 
Chapter 4- Discussion 
81 
 
At a second junction 600m downstream, the pristine T35-2/6 joins the main stream, 
substantially diluting the [SO4] and raising the pH. The effect of this dilution on Al speciation 
is evident in a drop in [Al3+], due both to an increase in pH, and as a result of the high DOM 
content of the diluting water (DNOPC=7.2 mg/L). The ecological effects of such dilutions can 
be seen at another T35 stream junction shown in Fig 4.26. T35-2/3, enters the main flow 
and raises [SO4], [Diss Al] and [Al
3+]. Immediately below the confluence, before these waters 
mix thoroughly, a clear delineation in algal growth is evident, with light green filimentous 
algae dominating vegetation in the water with higher [Diss Al] . As the water mixes 
downstream (ie; is diluted) this dominance is eliminated. 
 
Fig 4.26 Algal growth immediately below the confluence of the relatively AMD affected T35-
2/3 and more neutral T35-2/2. The T35-2/3 side is rich in filamentous algae (light 
green) while the T35-2/2 side is dominantly bryophytes. 
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ii) Herbert Stream 
Herbert Stream provides another opportunity to examine natural dilution as it increases in 
volume over the approximately 1.5kms between Herb-2/1 and Herb 2/2 sample sites. 
Various small drainages/seeps can be observed entering the stream from apparently 
undisturbed micro- catchments within the Herbert valley. It is to be expected then that the 
AMD impact evident in the water at Herb-2/1 should be significantly diluted by the time it 
reaches Herb-2/2. [SO4] drops from 159 to 39 mg/L, a dilution of 4 times while pH increases 
from 3.39 to 3.79. However the [ICP-MS Al] is only diluted by 1.2 times. As Al is unlikely to 
be provided by dissolution of a precipitate under a regime if increasing pH, some other 
mechanism must be adding dissolved Al but not SO4 to the stream. Based on a 4x volume 
increase, diluting water would require a [Diss Al] of 2.8mg/L. Most Stockton streams have 
displayed a roughly linear relationship between [Diss Al] and [SO4+, with ‘pristine’ streams, 
unimpacted by AMD having low [Diss Al] and [SO4] (up to 0.26 and 4 mg/L respectively, this 
research & Black et al 2005). Nowhere has elevated [Diss Al] in a low [SO4] water been 
observed. Stenzel and Hermann (1990) surveyed 44 unpolluted brownwater streams in NZ 
and found a maximum [Diss Al] of 0.539mg/L, while Collier (1988) measured a maximum 
total reactive [Al] of 0.911mg/L for waters draining from north Westland Pakihi swampland. 
It seems unlikely then that a natural water dilution explains the elevated concentration of 
dissolved Al at the Herb 2/2 sample site. Another possibility is that the low pH waters in the 
Herbert stream are continuing to dissolve minerals in the stream bed, as observed by 
Fillipek et al (1987) in West Squaw Creek, California.  
The elevated [Diss Al] relative to [SO4] might be expected to increase the proportion of Al
3+, 
particularly in conjunction with a slightly elevated pH. This is confirmed by the [Diss Al]  
obtained by Aluminon analysis being 3 times greater than expected, compared with the 1.5 
times greater for ICP-MS [Diss A]]. Management of the AMD impact at the source of Herbert 
Stream, by dilution or otherwise, should eliminate this additional source of dissolved Al and 
Al3+ loading into the downstream Cypress Stream. 
It is apparent then, that dilution in natural stream environments does not always lead to the 
expected decreases in [Diss Al], unless accompanied by a substantial increase in pH. The 
increase and associated changes in [Diss Al], required for dilution to provide an effective 
Chapter 4- Discussion 
83 
 
management solution in Herbert Stream, was therefore investigated in experimental 
dilutions. 
4.5.2 Experimental Dilutions; Water Chemistry and Toxicity  
Previous dilution experiments conducted by Solid Energy NZ Ltd staff have indicated that a 
1:1.5 ratio of Herbert Stream to Mt Frederick quarry lake water, is required to attain a pH of 
5 (Solid Energy NZ, Ltd, unpublished data- Aiden Bonisch pers comm. 2010) The dilution 
experiments conducted in this research provide a more in-depth look at the effects of 
dilution on water chemistry and in particular, [Diss Al] and Al speciation in Herbert Stream. 
i) The Effect on pH 
Fig 4.27 illustrates the effect on pH of increasing dilution of Herbert Stream water with Mt 
Frederick quarry lake water. Achieving environmental targets of pH≈4.5, requires a dilution 
to 73% quarry lake water, (a ratio of 1:2.7). This would require approximately 14  L/s of Mt 
Frederick quarry lake water to be added to the average Herbert Stream flow of 5.3 L/s. This 
is a significantly higher dilution requirement than that achieved by the Solid Energy NZ Ltd 
experiments, presumably reflecting a slightly lower pH (6.6 cf 7.1) in the quarry lake water 
used in this research (or a lower pH in the Herbert Stream water).   
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Fig 4.27 Changing pH with increasing dilution ofHerbert Stream water with Mt Frederick 
quarry lake water. The red lines indicate the environmental target pH range and 
required dilutions.  
ii) The Effect on Dissolved Al Concentrations 
Analyses of [Diss ICP-MS Al<0.45µm] from dilution samples, broadly follow a linear theoretical 
mixing line (TML) which can be calculated from the end member water chemistries (Fig 
4.28). However at around 73% dilution, [Diss Al] falls slightly below the TML, possibly due to 
the formation of an Al precipitate. The pH at this dilution is ≈4.5 where Nordstrom and Ball 
(1986) report the beginning of precipitation of a solid Al-hydroxide phase. The Aluminon 
[Al<0.45µm] plots consistently below the ICP-MS Al<0.45µm line and the TML, as might be 
expected considering the end members both displayed significant differences between the 
analytical methods. The difference is greatest at low dilutions, and hence low pH, reducing 
significantly above dilutions of around 50% (pH≈3.7) and increasing again at dilutions of 
around 80% (pH≈5). This is consistent with the inability of the Aluminon method to 
dissociate Al-sulphate complexes at low pH, or Al-Fulvate complexes and the stronger Al-
hydroxide complexes/precipitates at higher pH. The high Aluminon [Diss Al] and lesser 
differences between the methods at pH≈4.5-5, suggests that [Al3+] is likely to be a significant 
component of [Diss Al] at the pH levels targeted by Solid Energy. 
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Fig 4.28 [Dissolved Al] for both ICP-MS and Aluminon method analyses, vs the % of Mt 
Frederick quaary lake water added to Herbert stream water. The theoretical mixing 
line for ICP-MS Al is shown. Results are from time=573 hrs. 
Dilution of Herbert stream to acheive a *Diss Al+=1mg/L, as per the Solid Energy NZ Ltd’s 
current interim environmental target, would require dilution to 89% quarry lake water. This 
would require addition of 48 L/s quarry water to the 5.3 L/s Herbert Stream water. This 
would increase the pH to ≈5.8. It should be noted that although the *Diss Al+ of Herbert 
Stream used in this experiment was higher (11.4 mg/L ), than the measured 8 month 
average of 7.68 mg/L (Trumm et al 2008), calculations indicate that an ≈89% dilution would 
also be required to decrease [ICP-MS Al<0.45µm] from 7.68 to 1mg/L.  
The threshold [ICP-MS Al] figure of 0.6 mg/L indicated by this research (refer Section 4.3.2) 
would require a dilution to 93% quarry lake water. However due to the differences in water 
chemistry between diluted Herbert stream water and the T35 Stream samples from which 
the threshold limits were derived, this degree of dilution may be excessive. To acheive the 
Al3+ threshold (0.42mg/L), only requires a dilution to ≈85% quarry water, which results in 
[ICP-MS Diss Al]=1.6 mg/L. This highlights the operational difficulties of basing 
environmental targets on ICP-MS Al concentrations. 
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iii) The Effect on Dissolved Al Speciation 
Fig 4.29 illustrates that at just below 80% quarry water, the proportion of ICP-MS Al present 
as Al3+ and AlSO4
+ declines dramatically. At a dilution of 89% quarry water as discussed 
above, these two species each only make up about 10% of the [Diss Al], down from around 
45% at a dilution of 80% quarry water. It is obvious that around this dilution (and pH), small 
changes in dilution make a large difference to [Al3+] and hence to toxicity (see also Table 
3.6). Hydroxide species rise rapidly to make up nearly 60% of dissolved Al at around 85% 
quarry water and, due to low [DNOPC], fulvate-complexes only become significant above 
90% quarry water. 
Fig 4.30 shows the effect of dilution on the concentrations of dissolved Al and Al3+. At 
around 90% quarry water, where [Diss Al] is around 1 mg/L, [Al3+] is nearly zero. However at 
80% quarry water, [Al3+] is around 0.8 mg/L, twice the threshold discussed in Section 4.3.3. 
 
Fig 4.29 Al species as a proportion of [Diss Al] (%) with increasing dilution of Herbert Stream 
water with Mt Frederick quarry lake water. 
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Fig 4.30 [Diss Al] and [Al3+] vs dilution of Herbert Stream water with Mt Frederick quarry 
lake water. 
iv) The Effect on Hydroxide Precipitation and Turbidity 
As the pH rises to > 4.6 with increasing dilution, precipitation of Al hydroxide phases may be 
expected to occur (Nordstrom and Alpers, 1999). In samples HS16 and more obviously HS17 
(dilutions to 79% and 83% quarry water respectively) there was a difference observed 
between the filtration fractions of <0.45µm and <0.1µm for ICP-MS-Diss Al. This was not 
observed in the lower dilution samples. The quarry lake water (pH=6.64) displayed an 80% 
reduction in [Al] when filtered through a 0.45µm membrane filter, indicating the presence 
of a solid Al-bearing compound.  
Fig 4.31 presents the saturation indices (SI) modelled from dilution experiment samples, for 
selected Al-hydroxide compounds and for Basaluminite, a Al-hydroxysulphate phase. When 
dilutions exceeds approximately 62-72% quarry water, the SI’s for the compounds all 
become positive indicating possible of precipitation. At dilution >80% quarry water SI’s are 
strongly positive, consistent with the removal of such phases by filtration at dilution of 79% 
and 83% quarry water. 
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Fig 4.31 Saturation indices for selected Al-hydroxide and hydroxy-sulphate compounds 
derived from geochemical modelling in PHREEQC. Saturation indices ≥0 indicate 
the possibility of precipitation. Alunite =KAl3(SO4)2(OH)6, Basaluminite= 
Al4(OH)10SO4, Diaspore = AlOOH, Gibbsite= Al(OH)3. 
In addition, a significant brown precipitate was observed in the dilution experiment sample 
from around  50% quarry water (pH=3.7). Fig 3.3 shows the turbidity measurements during 
the dilution experiment and confirms the presence of precipitates in the samples, peaking 
around 68% quarry water. This turbidity peak decreased and migrated to lower dilutions 
over time. The fact that [Al] did not decrease with filtration at these lower dilutions 
indicates that the precipitate observed was not an Al compound. The pH of 3.7 corresponds 
with minimum pH values for Fe-hydroxide precipitation which is commonly seen in AMD 
waters (Harding and Boothroyd, 2004). Hence precipitation of an Fe-hydroxide compound at 
lower pH, and Al-hydroxide phase at higher pH, is a likely result from dilution of Herbert 
stream. These precipitates appear to have a serious impact on the stream communities of 
T35-2/9 and MF-2/1 and may have a similar ecological effect on the communities in Herbert 
stream (refer to Section 4.3.3). 
4.5.3 Practical Considerations for the Dilution of Herbert Stream 
It is apparent from Fig’s 4.30 and 4.31, that managing toxicity in Herbert Stream by using 
dilution to remain below threshold [Diss Al] and [Al3+], is a relatively precise undertaking. If 
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constant volumes of quarry water are delivered via a siphon pipe, small fluctuations in the 
flow rate of Herbert Stream will affect dilution and hence [Al3+]. Over 40 days in 2005, flow 
gauging revealed that Herbert Stream flowed at over 10 L/s on four occasions, and over 25 
L/s once (Trumm et al 2008). If a constant 50 L/s of quarry lake water was being pumped 
into Herbert Stream, flows of 10 L/s  and 25 L/s would result in dilutions to 83% and 66% 
quarry lake water respectively. Table 4.3 presents the effect of these dilutions on the 
concentrations of dissolved Al and Al3+. Although the effect of increased flow rate in Herbert 
Stream on the [Diss Al], has not been taken into account for these projections, it is apparent 
that changes in flow rate can have a large effect on the [Al3+] and hence toxicity. Changing 
the dilution from 89% to 83% quarry water increases the [Al3+] from 10% to 26% of [Diss Al] 
and raises the concentration above the threshold limit discussed in Section 4.3.3. The 
ecological effects of a peak in [Al3+] over the brief high flow periods that Herbert stream 
tends to experience (Trumm et al 2008), has not been established.   
Table 4.3 The effect on [Diss Al] and [Al3+] of variable flows in Herbert Stream for a constant 
dilution flow of 50 L/s Mt Frederick quarry lake water. 
Mt Fred 
Water 
Herbert Stream 
Water 
Dilution approx  
[Diss Al] 
approx 
[Al3+] 
L/s L/s % MF mg/L mg/L 
50 5 89 1 0.1 
50 10 83 1.9 0.5 
50 25 66 3.9 1.9 
 
In Section 4.2.3 the likely removal of dissolved Al from the Mt Frederick quarry lake water, 
by precipitation of an Al-hydroxide phase is discussed. It is possible that some or all of this 
may have settled on the lake floor and hence if siphon pumping is undertaken to dilute 
Herbert Stream, care should be taken to position the intake well above the lake bottom. 
 
 
 
Chapter 4- Discussion 
90 
 
4.6 Summary 
4.6.1 Summary of Aluminium Speciation in Stockton waterways 
 Al-sulphate, Al-fulvate and Al-hydroxide complexes reduce [Al3+] and hence toxicity, 
but between pH=3.9-4.6 Al3+ predominates. 
 At pH<5.9 no colloidal Al solids in the 0.45µm – 0.1µm range were noted, but at 
pH>5.9, precipitation of colloidal Al-hydroxide phases result in a reduction in 
[dissolved Al] 
 The HACH Aluminon method of dissolved Al analysis, measures the free ion (Al3+), 
and weak complexes only. This method has promise as a measure of bioavailable 
dissolved Al. Indirect mechanisms result in apparent differences in [Aluminon Al] 
between filtration fractions. 
4.6.2 Summary of the Effect of AMD and Aluminium on Macroinvertebrate Communities 
 Taxa and EPT richness are lower in the AMD impacted waters studied, even where 
these have high pH and low [Diss Al]. 
 Taxa richness has a [Al3+] threshold of 0.42 mg/L above which taxa richness declines 
rapidly. In the streams studied this corresponds to a [ICP-MS Al<0.45µm] of 0.54-0.66 
mg/L although this will depend on factors affecting Al speciation (eg pH, [SO4], 
[DOM]), and modelling during the dilution experiments indicates that this Al3+] may 
be present in water with [ICP-MS Diss Al]=1.6 mg/L. 
 The most rigorous environmental targets should be based on [Al3+] but this requires 
expensive analysis regimes and modelling. HACH Aluminon Al analysis provides an 
inexpensive but not entirely accurate proxy for [Al3+]. A [ICP-MS Al] of 0.6 mg/L may 
provide the most practical measure. 
 [Si] appears to have a direct effect in reducing Al toxicity in these macroinvertebrate 
communities. 
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4.6.3 Summary of Dilution Effects 
 Natural dilution effects do not always produce the expected reduction in [Diss Al] 
 To increase pH to ≈4.5, in Herbert Stream, requires dilution to approximately 73% Mt 
Frederick quarry water. To reduce [Diss Al] below 0.6mg/L, requires 93% quarry 
water respectively but only ≈85% quarry water should produce an [Al3+] of around 
the threshold limit (0.42mg/L) 
 Small changes in dilution amounts around a critical threshold of 80% quarry water 
have a large impact on the [Al3+] and hence toxicity of the diluted water thus 
presenting management difficulties for dealing with fluctuations in the flow rate of 
Herbert Stream. 
  Low levels of fulvate, mean that at dilution to around 85% quarry water, Al3+ and 
AlSO4
+ are rapidly replaced by Al-hydroxide complexes. These have the potential to 
precipitate and join Fe-hydroxides in altering streambed habitat and community 
composition.  
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Chapter Five  
Conclusions 
5.1 The Effects of Acid Mine Drainage on Low Volume Stockton Waterways 
Analysis of samples from T35, T31, Herbert and Cypress streams and the Mt Frederick 
quarry lake, confirm that acid mine drainage (AMD) resulting from current and historic 
mining activities, has had a serious but variable impact on the water quality and 
macroinvertebrate communities in these catchments. Due to its conservative behaviour in 
aqueous environments and resistance to neutralising reactions, the aqueous concentration 
of SO4 is a useful indicator of the extent of AMD contamination of a waterway. SO4 
concentrations in the streams studied, range from 217 mg/L in the most affected water to 
2.18 mg/L in an undisturbed ‘pristine’ stream. The concentration of dissolved Al is generally 
elevated above a background level of 0.1-0.27 mg/L (Black et al 2005 and this study) and 
ranges from 0.37 to 27 mg/L (ICP-MS analysis Al<0.45µm) in affected streams. 
Uncontaminated streams are naturally acidic (pH≈4-6, Black et al 2005 and this study), while 
impacted streams in this study range in pH from 3.39- 4.93. Two notable exceptions from 
these trends are the Mt Frederick quarry lake and sample T35-2/9 where dissolved 
aluminium has been removed from solution, probably by precipitation, resulting in AMD 
affected waters with high pH and very low dissolved aluminium. 
Elevated dissolved Al is known to have toxic effects, but threshold levels are often site and 
organism specific, and are highly dependent on aluminium speciation. The free ion Al3+ is 
generally considered to be the main species responsible for toxicity. 
5.2 Aluminium Speciation 
Al speciation in the Stockton waterways as determined from geochemical modelling, is 
dominated at low pH by the free ion Al3+ and AlSO4
+, and SO4 concentrations appear to 
control the concentration of Al3+. From pH≈3.8 to 4.8, Al3+ is dominant, as the concentration 
of AlSO4
+ declines. Fulvate complexes then become significant in water with high dissolved 
organic carbon (DOC), while in lower DOC water, the hydrolysis of Al begins and Al-
hydroxide complexes become increasingly dominant above pH≈5. Where Al-fulvate 
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complexing is significant, Al-hydroxide complexation is shifted to higher pH. Only two sites, 
Mt Frederick quarry lake and T35-2/9 show any evidence of the formation of a solid phase. 
These two sites are the only ones in which ‘dissolved’ Al concentration reduces with 
increased filtration. 
5.3 The Analysis of Dissolved Aluminium 
Two analytical procedures, ICP-MS and the HACH Aluminon colorimetric method, were used 
to obtain dissolved Al concentration and produced results that varied from each other by 
between 0 and 50% (85% in Mt Frederick quarry lake due to attenuation of dissolved Al). 
This difference, as well as the variation in difference, is likely to be due to the differing levels 
of acid digestion utilised by the methods, and the resulting differences of Al complex 
dissociation. The greater acid digestion (pH≈2) of the ICP-MS method results in the 
dissociation of stronger Al-complexes than the less aggressive digestion of the Aluminon 
method (pH≈3.5-4.5). At lower pH relatively strong AlSO4
+ is dissociated by the ICP-MS 
method but not by the Aluminon method. Similarly the strong Al-fulvate complexes present 
at higher pH, are better dissociated by the ICP-MS method. These phenomenon results in 
different Al species and hence different concentrations, being measured by the two 
methods. The ICP-MS method is likely to give a figure closer to ‘total dissolved Al’ whereas 
the Aluminon method measures free-ion and weak complexes only. This results in the 
Aluminon method, dissolved Al concentration, tracking closer to the Al3+ concentration and 
as such providing a better measure of bio-available Al. However weak complexes which are 
also dissociated by the method, ensure that it is not a completely accurate indicator of 
[Al3+]. At higher pH (pH>5.9) colloidal hydroxide phases or adsorption to suspended 
particulate matter reduce dissolved Al concentrations and result in a wide difference 
between the two methods.  
5.4 Macroinvertebrate Communities and Aluminium Thresholds 
Macroinvertebrate communities are adversely affected by AMD contamination in the 
streams studied and taxanomic richness is reduced in impacted waters. Both taxa and EPT 
richness appear to provide a good indicator of AMD impact, whereas organism abundance 
in not as indicative of contamination. 
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Taxa richness appears to have an Al3+ concentration threshold of around 0.46 mg/L, above 
which diversity is severely impacted. In the streams studied, the samples with this 
concentration of Al3+ had a dissolved Al concentration (ICP-MS) of 0.6 mg/L, however this 
will vary according to various factors such as pH, SO4 and DOC concentrations which all 
affect speciation. Aluminon Al analysis of these samples produced dissolved Al 
concentrations of 0.5 mg/L. The concentration of silica appears to have a direct effect in 
reducing Al toxicity to macroinvertebrates, beyond its role in Al speciation, however calcium 
appears to have no such effect. Macroinvertebrate communities at sites MF-2/1 and T35-
2/9 display low taxa richness despite high pH and low concentrations of dissolved Al. This is 
thought to be due to the precipitation of a solid Al-hydroxide phase which may either 
impact habitat or have a more direct toxicity effect.  
Environmental targets based on Al3+ concentrations derived from ecotoxicity testing, are 
likely to provide the most rigorous protection of freshwater aquatic ecology, however this 
will require an expensive sampling and analysis regime as well as geochemical modelling. 
The HACH Aluminon Al method may provide Solid Energy NZ Ltd with a quick, cheap, on-
mine site method for environmental monitoring of dissolved aluminium which more closely 
measures bio-available Al. However, this will only be useful if ecotoxicity work and 
environmental guidelines/targets are linked to analysis by the Aluminon method, or at the 
very least to concentrations of Al3+. The Aluminon method may be problematic in that 
future results will be difficult to compare with historic data and with those analyses 
conducted by external agencies. While ICP-MS Al analysis may not be the best indicator of 
toxicity due to the affects of varying speciation with water chemistry, a conservative 
environmental target based on samples in which the Al3+ component is highest, may provide 
the most practical method of environmental monitoring. 
Environmental Targets suggested by this research are; 
 [ICP-MS Al<0.45 µm] = 0.6 mg/L 
 [Al3+] = 0.42 mg/L 
 [Aluminon Al<0.45µm] = 0.5 mg/L 
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5.5 Dilution as the Solution 
Dilution of small volume, AMD impacted streams such as Herbert Stream is a plausible 
option for managing environmental liabilities but should be undertaken with caution and 
monitored in a long term trial. Herbert Stream generally flows at around 5 l/sec, has a low 
pH≈3.19-3.4, and carries a dissolved Al concentration that varied during this research 
between 8.1 and 11.4 mg/L. Unexpectedly high dissolved Al downstream at Herb-2/2 
indicates that the stream continues to dissolve minerals in the stream bed, adding to the Al 
load and increasing the Al3+ component. Solid Energy NZ Ltd have indicated a target level for 
pH of >4.7 and an interim dissolved Al target of 1mg/L based on the findings of Greig et al 
(2010). As discussed above, the research undertaken in this study indicates that 
macroinvertebrate communities are being significantly affected above (ICP-MS) dissolved 
Al≈0.6 mg/L (0.42mg/L Al3+) 
To increase pH to target levels by the addition of more neutral water from Mt Frederick 
quarry lake water, requires dilution to approximately 73% quarry water. To reduce dissolved 
Al below 1mg/L or 0.6mg/L (ICP-MS) requires around 89 to 95% quarry water respectively 
but this level of dilution may be excessive with respect to Al3+ target levels, and dilution to 
≈85% quarry water should produce an Al3+ concentration of around the suggested threshold 
limit (0.42mg/L), but produces an ICP-MS dissolved Al concentration of around 1.6mg/L. This 
highlights operational difficulties, due to the effect of Al speciation, with basing toxicity 
limits on ICP-MS Al concentrations which contain varying amounts of toxic and non-toxic 
components, as well as the importance of ecotoxicty work being undertaken in reference to 
the toxic components. The proportion of dissolved Al present as Al3+ remains very high in 
Herbert Stream until dilution to around 80% quarry water, and then drops off rapidly. The 
rapid nature of this decline, means that small changes in dilution amounts around this 
critical threshold, have a large impact on Al3+ concentrations, and hence the toxicity of the 
diluted water. This will present management difficulties for dealing with fluctuations in the 
flow rate of Herbert Stream. Al-fulvate complexing, which could occur at pH ≈5-6, will be 
insignificant due to the low levels of fulvate available in Herbert Stream and in particular the 
quarry water. Hence at dilution to around 85% quarry water, Al3+ and AlSO4
+ are rapidly 
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replaced by Al-hydroxide complexes. These have the potential to precipitate and join Fe-
hydroxides in altering streambed habitat and community composition.  
5.6 Future Research 
Like much research, this study has raised as many questions as answers, and has highlighted 
various areas for further investigation. Possibly most important of these is conducting 
extensive ecotoxicity work to confirm the suggested threshold limits for macroinvertebrates 
and other organisms. Geochemical modelling should be conducted during this work to 
relate toxicity to Al3+ concentrations. Ongoing environmental monitoring could then either 
utilise geochemical modelling to derive directly comparable results, use the HACH aluminon 
method for approximately comparable results, or use the existing ICP-MS analysis methods 
without modelling and accept the inherent variation in toxicity.  
The potential for the Aluminon method to be used as a proxy for bio-available Al requires 
further work to understand exactly which Al-complexes the method is measuring, and how 
these effect toxicity. Work on understanding the indirect mechanism leading to the 
‘filtration effect’ may help. 
Analytical methods such as dialysis/ultrafiltration, and cation exchange could be used to 
further investigate Al speciation. To increase the accuracy of geochemical modelling in these 
waters more work is required on the characterisation and analysis of Al-organic complexes. 
In addition 
Variability in [Diss Al] at times of variable flow in Herbert Stream, are not understood and 
require further work. Also in Herbert Stream, the ecological effects of short duration 
‘surges’, of high Al concentration water such as those which may result during flow 
fluctuations, should be investigated. 
Research should be conducted on the effect of Al precipitates on stream ecology. This could 
be conducted as part of the Herbert stream dilution trial recommended below.  The toxicity 
effects of polymeric Al species should also be investigated 
The toxicity of other trace metals such as Zn, and their interactions with Al toxicity should be 
investigated and environmental targets set. 
Chapter 5- Conclusions 
97 
 
5.7 Operational Recommendations 
Solid Energy NZ Ltd could; 
 Decide on preferred Al analysis regime for ongoing environmental monitoring, 
 Institute appropriate environmental targets for Al as outlined in section 5.4. 
 Conduct ecotoxicity work on Stockton macroinvertebrates with reference to the 
chosen Al analysis regime, in order to confirm the above environmental targets, 
 Conduct a long term trial dilution of Herbert Stream to 85% Mt Frederick quarry lake 
water. Monitor effects on macroinvertebrate communities and on water chemistry 
including Al3+. Ascertain the effect of peak flow periods on water chemistry and the 
effects of precipitates on stream ecology. 
 Investigate toxicity and ecological thresholds of other trace metals. 
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Appendix 1 
Field Data from Initial Reconnaissance 
Initial Reconnaissance 23-24/11/2010 
Sample Site north east pH Electrical 
conductivity 
(µs) 
Dissolved 
Oxygen 
(mg/L) 
Temperature  
 
(
0
C) 
T35 Head -1 5949136 2418161 6.8 62.4 9.53 10.2 
T35 Head -2 5949029 2418156 4.94 30 10.07 11.8 
T35 Head-3 5949067 2418145 4.29 124.6 6.12 11.2 
T35 Head -4 5948985 2418283 4.77 56 9.12 11.3 
T35 Head-5 5948961 2418283 4.83 32 9.57 12.3 
T35 Head-6 5948966 2418320 4.57 48.3 9.01 11.2 
T35 Head-7 5948850 2418551 5.09 28.5 9.88 11.7 
T35 Head-8 5948834 2418740 4.79 39.9 9.99 11.5 
T35 Head-9 5948860 2418757 7.06 27.9 10.43 9.7 
T35 Head-10 5948835 2418775 6.54 29.2 10.4 10.4 
T35 Head-11 5948494 2418907 6.58 29.3 10.58 11.1 
T35 Head-12 5948483 2418890 4.22 58.7 9.99 10.7 
T35 Head-13 5948474 2418918 5.55 31.1 10.52 11.1 
T35 Head-14 5948382 2418785 4.2 63 10.35 10.8 
T35 Head-15 5948373 2418775 3.89 115.9 10.12 10.4 
T35 Head-16 5948380 2418774 4.98 30.2 10.3 10.6 
T35 Head-17 5948492 2418542 4.99 27.4 9.91 12.1 
T35 Head-18 5948423 2418487 5.03 28.1 9.2 12.8 
T35 Head-19 5948423 2418417 4.87 29.8 8.5 13.8 
T35 Head-20 5948256 2418632 4.52 38 6.46 11.9 
T35 Head-21 5948242 2418700 3.65 149.2 9.76 11.1 
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T31-1/1 5947553 2418989 3.33 255 9.83 13.0 
T31-1/2 5947587 2418887 3.21 291 9.72  
T31-1/3 5947582 2418887 3.52 146 10.27 11.0 
T31-1/4 5947480 2418813 3.6 160 9.69 11.0 
T31-1/5 5947510 2418831 3.61 149.9 9.87 11.1 
T31-1/6 5947578 2418697 Creek bed dry- small dam structure 
T31-1/7 5947709 2418787 3.26 330 9.34 14.8 
T31-1/8 5947814 2417659 4.33 121.0 7.9 12.4 
Herb 1 5944126 2415196 3.15 546 9.49 8.5 
Herb 2 5943956 2415363 3.27 439 10.48 8.5 
Herb 3 5943798 2415689 3.3 390 10.05 9.6 
Mt Fred 1-lake 5944314 2414946 7.44 135.6 9.43 13.6 
Mt Fred 2-dam 
drainage 
5944230 2415110 3.88 169.6 10.17 9.5 
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Appendix 2 
Details of Hills Laboratory Analytical Methods and Sample Uncertainties 
Method Summary 
     
Test  
Method 
Description  
  
Default Detection 
Limit  
Total Digestion  Boiling nitric acid digestion. APHA 3030 E 21st ed. 2005. - 
pH  pH meter. APHA 4500-H+ B 21st ed. 2005.  3 0.1 pH Units 
Total Alkalinity  
Titration to pH 4.5 (M-alkalinity), autotitrator. APHA 2320 
B 3 (Modified for alk <20) 21st ed. 2005. 
1.0 g/m3 as 
CaCO3 
Bicarbonate  Calculation: from alkalinity and pH, valid where TDS is not 
>500 mg/L and alkalinity is almost entirely due to 
hydroxides, carbonates or bicarbonates. APHA 4500-CO2 
D 21st ed. 2005. 1.0 g/m3 at 25°C 
Filtration for dissolved 
metals analysis 
Sample filtration through 0.45μm membrane filter and 1-
2 preservation with nitric acid. APHA 3030 B 21st ed. 
2005. - 
Dissolved Aluminium  
Filtered sample, ICP-MS, trace level. APHA 3125 B 21st 
ed. 6-27 2005 0.003 g/m3 
Total Aluminium  
Nitric acid digestion, ICP-MS, trace level. APHA 3125 B 
21st ed. 4-5 2005 / US EPA 200.8. 0.0032 g/m3 
Dissolved Calcium  
Filtered sample, ICP-MS, trace level. APHA 3125 B 21st 
ed. 1-2 2005 0.05 g/m3 
Dissolved Magnesium 
 Filtered sample, ICP-MS, trace level. APHA 3125 B 21st 
ed. 1-2 2005 0.02 g/m3 
Dissolved Potassium  
Filtered sample, ICP-MS, trace level. APHA 3125 B 21st 
ed. 1-2 2005 0.05 g/m3 
Dissolved Sodium  
Filtered sample, ICP-MS, trace level. APHA 3125 B 21st 
ed. 1-2 2005 0.02 g/m3 
Chloride Filtered  Ferric thiocyanate colorimetry. Discrete 1-2 0.5 g/m3 
sample.  
Analyser. APHA 4500 Cl- E (modified from continuous 
flow analysis) 21st ed. 2005. 
 Dissolved Non-Purgeable 
Organic Carbon (DNPOC) 
Filtration, acidification, purging to remove inorganic C, 
catalytic oxidation, IR detection. APHA 5310 B (modified) 
21st ed. 2005. 0.3 g/m3 
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Details of Hills Laboratory Analytical Methods and Sample Uncertainties 
 
Reported uncertainties are expanded uncertainties with a level of confidence of approximately 95% (ie; 2 
standard deviations). Uncertainties do not include variation due to sampling. 
   
T35-2/1 T35-2/2 T35-2/3 T35-2/4 T35-2/5 
Al     
Total 
acid 
soluble g/m3 
     
 
Diss <0.45 g/m3 
0.406 ± 
0.032  
0.369 ± 
0.030  0.438 ± 0.035 0.129 ± 0.011  1.26 ± 0.10 
 
Diss <0.22 g/m3 
  
0.446 ± 0.036 
 
 
Diss <0.10 g/m3 
  
0.427 ± 0.034 
 
Ca 
 
g/m3 
   
< 0.5 ± 0.046 
0.726 ± 
0.057 
Mg 
 
g/m3 
   
0.238 ± 0.021 
0.439 ± 
0.033 
K 
 
g/m3 
   
< 0.5 ± 0.050 
1.177 ± 
0.092 
Na 
 
g/m3 
   
2.19 ± 0.24 2.77 ± 0.30 
Cl 
 
g/m3 
   
2.96 ± 0.39 3.82 ± 0.41 
HCO3 
 
g/m3 
   
3.66 ± 0.99  
 DNOPC 
 
g/m3 5.09 ± 0.65 5.76 ± 0.72  2.18 ± 0.33  3.97 ± 0.52  1.17 ± 0.25 
        
   
T35-2/6 MI T35-2/7 MI T35-2/8 T35-2/9 T35-2/10 
Al     
Total 
acid 
soluble g/m3 
     
 
Diss <0.45 g/m3 
0.262 ± 
0.021 
0.663 ± 
0.053 13.9 ± 1.1 
0.0864 ± 
0.0071  26.9 ± 2.2 
 
Diss <0.22 g/m3 
0.255 ± 
0.021 0.640 ± 0.051 
  
 
Diss <0.10 g/m3 
0.248 ± 
0.020 0.650 ± 0.052 
  
Ca 
 
g/m3 
0.395 ± 
0.042 0.798 ± 0.060 7.27 ± 0.46 6.08 ± 0.39 
Mg 
 
g/m3 
0.314 ± 
0.025 0.287 ± 0.024 0.694 ± 0.049 
0.931 ± 
0.064 
K 
 
g/m3 
0.275 ± 
0.039 0.609 ± 0.056  1.42 ± 0.11 1.36 ± 0.11 
Na 
 
g/m3 2.75 ± 0.30 2.32 ± 0.25 
 
3.02 ± 0.33 2.53 ± 0.28 
Cl 
 
g/m3 4.24 ± 0.43 3.31 ± 0.40 
 
3.47 ± 0.40 3.06 ± 0.39 
HCO3 
 
g/m3 26.8 ± 1.2  < 1.0 ± -0.99 
 
7.3 ± 1.0 
 DNOPC 
 
g/m3 7.20 ± 0.89  2.37 ± 0.35  1.12 ± 0.25  1.45 ± 0.27 1.51 ± 0.28 
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Details of Hills Laboratory Analytical Methods and Sample Uncertainties 
Dilution Experiment samples 
   HS1 HS3 HS6 HS8 HS14 
Al Diss <0.45 g/m
3
 9.55+/-0.76 7.04+/-0.56 5.2+/-0.41 4.23+/-0.34 2.62+/-0.21 
 Diss <0.22 g/m
3
 9.8+/-0.77 6.88+/-0.55 5.07+/-0.4 4.43+/-0.35 2.75+/-0.22 
 Diss <0.10 g/m
3
 9.17+/-0.73 7.03+/-0.56 5.11+/-0.41 4.53+/-0.36 2.7+/-0.22 
Reported uncertainties are expanded uncertainties with a level of confidence of approximately 95% (ie; 2 
standard deviations). Uncertainties do not include variation due to sampling.
   
T31-2/1 T31-2/2 T31-2/3 Herb-2/1 Herb-2/2 
Al     
Total acid soluble g/m3 
   
8.8 ± 1.3 
 
 
Diss <0.45 g/m3 1.52 ± 0.12  1.67 ± 0.14 
0.555 ± 
0.044  8.13 ± 0.64 3.06 ± 0.25 
 
Diss <0.22 g/m3 1.41 ± 0.12  1.65 ± 0.13  
0.562 ± 
0.045  8.24 ± 0.65 3.28 ± 0.26 
 
Diss <0.10 g/m3 1.47 ± 0.12  1.75 ± 0.14 
0.539 ± 
0.043 8.26 ± 0.65 3.10 ± 0.25 
Ca 
 
g/m3 0.533 ± 0.048 0.637 ± 0.052 
10.08 ± 
0.64 4.41 ± 0.28 
Mg 
 
g/m3 0.341 ± 0.027 0.368 ± 0.029 5.60 ± 0.38 2.56 ± 0.18 
K 
 
g/m3 0.880 ± 0.072 0.926 ± 0.075 2.97 ± 0.22 2.05 ± 0.16 
Na 
 
g/m3 2.33 ± 0.26 2.39 ± 0.26 
 
5.43 ± 0.59 2.05 ± 0.16 
Cl 
 
g/m3 3.26 ± 0.40 3.23 ± 0.40 
 
3.48 ± 0.40 3.15 ± 0.39 
HCO3 
 
g/m3 
     DNOPC 
 
g/m3 0.71 ± 0.22  0.64 ± 0.22  0.84 ± 0.23  0.75 ± 0.22  1.31 ± 0.26  
   
MF-2/1 Cypress Herb 1 MF1 
Blank glass 
jar 
Al     
Total acid soluble g/m3 0.166 ± 0.024 
   
 
Diss <0.45 g/m3 
0.0338 ± 
0.0034 1.234 ± 0.098  
  
 
Diss <0.22 g/m3 
0.0293 ± 
0.0031 1.27 ± 0.11  
   
 
Diss <0.10 g/m3 
0.0252 ± 
0.0029 1.30 ± 0.11 
   
Ca 
 
g/m3 14.57 ± 0.92 2.19 ± 0.15 10.70 ± 0.67 
15.45 ± 
0.97 
 
Mg 
 
g/m3 3.79 ± 0.26 
1.085 ± 
0.074 6.19 ± 0.42 3.88 ± 0.27 
 
K 
 
g/m3 0.803 ± 0.068 
1.013 ± 
0.081 3.18 ± 0.24 0.873 ± 0.072 
Na 
 
g/m3 3.75 ± 0.41 2.98 ± 0.32 5.85 ± 0.63 4.17 ± 0.45 
 Cl 
 
g/m3 3.16 ± 0.39 3.26 ± 0.40 3.53 ± 0.41 3.48 ± 0.40 
 HCO3 
 
g/m3 21.0 ± 1.2 2.19 ± 0.99  
   DNOPC 
 
g/m3 0.51 ± 0.21 2.27 ± 0.34 
  
< 0.3 ± 0.21  
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Appendix 3 
Water Chemistry Results for Stockton Plateau Streams.  
Italicised numbers are calculated- all others as analysed. Alum = HACH Aluminon method for 
[Diss Al] and ICP= ICP-MS method for [Diss Al] and [total Al] 
 
 
 
 
 
 
Sample No 
 
T35-2/1 T35-2/2 T35-2/3 T35-2/4 T35-2/5 T35-2/6 
Location East 
2418952 2418908 2418890 2418773 2418775 2418765 
 
North 
5948452 5948496 5948484 5948379 5948374 5948853 
pH 
 
4.75 
 
4.93 
 
4.54 
 
5.04 
 
3.81 
 
5.65 
 Conductivity uS/cm 34.69 
 
29.37 
 
56.4 
 
21.28 
 
119.6 
 
21.8 
 D.O mg/l 9.56 
 
9.74 
 
9.2 
 
9.05 
 
9.5 
 
9.4 
 Stm Temp  
0
C 12.4 
 
12.2 
 
12.8 
 
14.2 
 
12.2 
 
13.4 
 
Al mg/l 
             
tot mg/l Alum ICP Alum ICP Alum ICP Alum ICP Alum ICP Alum ICP 
<0.45 mg/l 0.251 0.410 0.197 0.370 0.219 0.440 0.097 0.129 1.035 1.260 0.162 0.260 
<0.22 mg/l 0.216 
 
0.205 
 
0.257 0.450 0.085 
 
1.035 
 
0.068 0.260 
<0.1 mg/l 0.136 
 
0.136 
 
0.277 0.430 0.088 
 
0.839 
 
0.111 0.250 
              SO4 mg/l 2.923 
 
2.076 
 
6.174 
 
2.303 
 
25.446 
 
2.182 
 SiO2 mg/l 4.319 
 
3.944 
 
3.449 
 
2.373 
 
5.839 
 
4.917 
 Si mg/l 2.019 
 
1.843 
 
1.612 
 
1.109 
 
2.729 
 
2.298 
 Ca mg/l 0.350 
 
0.411 
 
0.117 
 
0.025 
 
0.700 
 
0.390 
 Mg mg/l 0.293 
 
0.309 
 
0.233 
 
0.200 
 
0.400 
 
0.310 
 K mg/l 0.269 
 
0.287 
 
0.201 
 
0.025 
 
1.200 
 
0.270 
 Na mg/l 2.677 
 
2.775 
 
2.300 
 
2.200 
 
2.800 
 
2.800 
 Cl mg/l 3.944 
 
4.155 
 
3.134 
 
3.000 
 
3.800 
 
4.200 
 HCO3  mg/l 20.808 
 
25.675 
 
2.164 
 
3.700 
 
0.773 
 
27.000 
 Alk as 
CaCO3 mg/l 
    
2.498 
 
3.000 
   
22.000 
 DNPOC mg/l 5.100 
 
5.800 
 
2.200 
 
4.000 
 
1.200 
 
7.200 
 Fulvate mg/l 2.550 
 
2.900 
 
1.100 
 
2.000 
 
0.600 
 
3.600 
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Water Chemistry results for Stockton Plateau Streams. 
Italicised numbers are calculated- all others as analysed. Alum = HACH Aluminon method for 
[Diss Al] and ICP= ICP-MS method for [Diss Al] and [total Al] 
 
 
 
 
 
 
 
 
Sample No 
 
T35-2/7 T35-2/8 T35-2/9 T35-2/10 MF-2/1 
Location East 
2418755 2418132 2418136 248131 2414946 
 
North 
5948848 5949094 5949100 5949102 5944315 
pH 
 
4.65 
 
3.87 
 
5.94 
 
3.52 
 
6.64 6.5 
Conductivity uS/cm 45.2 
 
258 
 
71.9 
 
461.5 
 
145.8 
 D.O mg/l 8.9 
 
7.39 
 
8.49 
 
7.82 
 
8.84 
 Stm Temp  
0
C 16.6 
 
17.1 
 
16.4 
 
20.1 
 
15.9 
 
Al mg/l 
         
Alum ICP 
tot mg/l Alum ICP Alum ICP Alum ICP Alum ICP 
 
0.166 
<0.45 mg/l 0.562 0.66 13.111 13.9 0.194 0.086 24.211 27 0.000 0.034 
<0.22 mg/l 0.476 0.64 12.111 
 
0.051 
 
24.211 
 
0.000 0.029 
<0.1 mg/l 0.597 0.65 11.461 
 
0.030 
 
22.761 
 
0.005 0.025 
            
SO4 mg/l 8.291 
 
79.621 
 
20.765 
 
217.984 
 
50.461 
 SiO2 mg/l 3.210 
 
4.831 
 
3.073 
 
6.692 
 
7.273 
 Si mg/l 1.500 
 
2.258 
 
1.436 
 
3.128 
 
3.400 
 Ca mg/l 0.800 
 
6.942 
 
7.300 
 
6.100 
 
14.600 
 Mg mg/l 0.290 
 
0.762 
 
0.690 
 
0.930 
 
3.800 
 K mg/l 0.610 
 
1.402 
 
1.420 
 
1.360 
 
0.800 
 Na mg/l 2.300 
 
2.851 
 
3.000 
 
2.500 
 
3.800 
 Cl mg/l 3.300 
 
3.381 
 
3.500 
 
3.100 
 
3.200 
 HCO3  mg/l 0.500 
 
0.847 
 
7.300 
 
0.486 
 
21.000 
 Alk as 
CaCO3 mg/l 
  
4.210 
 
6.000 
   
17.000 
 DNPOC mg/l 2.400 
 
1.100 
 
1.500 
 
1.500 
 
0.500 
 Fulvate mg/l 1.200 
 
0.550 
 
0.750 
 
0.750 
 
0.250 
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Water Chemistry results for Stockton Plateau Streams.  
Italicised numbers are calculated- all others as analysed. Alum = HACH Aluminon method for 
[Diss Al] and ICP= ICP-MS method for [Diss Al] and [total Al] 
Sample No 
 
T31-2/1 T31-2/2 T31-2/3 Herb-2/1 Herb-2/2 Cypress  
Location East 
2418991 2418886 2418887 2415196 2416388 2416391 
 
North 
5947551 5947587 5947581 5944126 5943217 5943217 
pH 
 
3.44 
 
3.44 
 
3.77 
 
3.39 
 
3.79 
 
4.64 
 Conductivity uS/cm 256 
 
286.2 
 
161.7 
 
548 
 
215 
 
71.3 
 D.O mg/l 9.61 
 
9.58 
 
9.79 
 
7.14 
 
9.09 
 
9.17 
 Stm Temp  
0
C 11.7 
 
12.2 
 
11 
 
9.1 
 
13.9 
 
14.3 
 
Al mg/l 
       
Alum ICP 
    
tot mg/l Alum ICP Alum ICP Alum ICP 
 
8.8 Alum ICP Alum ICP 
<0.45 mg/l 1.298 1.52 1.691 1.67 0.6013 0.55 4.361 8.1 3.186 3.1 1.011 1.23 
<0.22 mg/l 0.786 1.41 0.841 1.65 0.511 0.56 3.086 8.2 2.311 3.3 0.786 1.27 
<0.1 mg/l 0.792 1.47 0.686 1.75 0.387 0.54 3.601 8.3 3.131 3.1 0.751 1.30 
              
SO4 mg/l 27.246 
 
33.958 
 
13.261 
 
159.785 
 
39.431 
 
23.396 
 SiO2 mg/l 6.590 
 
6.778 
 
3.892 
 
17.294 
 
7.870 
 
5.685 
 Si mg/l 3.080 
 
3.168 
 
1.819 
 
8.084 
 
3.679 
 
2.657 
 Ca mg/l 0.500 
 
0.640 
 
0.208 
 
10.100 
 
4.400 
 
2.200 
 Mg mg/l 0.300 
 
0.370 
 
0.154 
 
5.600 
 
2.600 
 
1.100 
 K mg/l 0.900 
 
0.930 
 
0.837 
 
3.000 
 
2.100 
 
1.000 
 Na mg/l 2.300 
 
2.400 
 
2.092 
 
5.400 
 
4.100 
 
3.000 
 Cl mg/l 3.300 
 
3.200 
 
3.508 
 
3.500 
 
3.200 
 
3.300 
 HCO3  mg/l 0.424 
 
0.424 
 
0.727 
 
0.389 
 
0.750 
 
2.200 
 Alk as 
CaCO3 mg/l 
          
0.500 
 DNPOC mg/l 0.700 
 
0.600 
 
0.800 
 
0.800 
 
1.300 
 
2.300 
 Fulvate mg/l 0.350 
 
0.300 
 
0.400 
 
0.400 
 
0.650 
 
1.150 
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Appendix 4 
Aluminium Species Derived from Geochemical Modelling in PHREEQC 
Sample No T35-2/1 T35-2/2 T35-2/3 T35-2/4 T35-2/5 T35-2/6 T35-2/7 
ICP-MS 
[Al<0.45µm] molality 1.5E-05 1.4E-05 1.6E-05 4.8E-06 4.7E-05 9.6E-06 2.4E-05 
a Al3+ activty 7.2E-06 5.4E-06 9.5E-06 8.7E-07 2.3E-05 6.7E-07 1.3E-05 
Al3+ molality 8.6E-06 6.4E-06 1.1E-05 1E-06 3.1E-05 7.9E-07 1.6E-05 
Al 3+ ppm 0.231 0.173 0.307 0.027 0.842 0.021 0.423 
AlSO4+ molality 5.4E-07 2.9E-07 1.5E-06 5.5E-08 1.4E-05 3.9E-08 2.8E-06 
   Al(SO4)2- molality 4.5E-10 1.7E-10 2.6E-09 3.7E-11 8.8E-08 2.4E-11 6.4E-09 
   AlOH+2 molality 1.9E-06 2.1E-06 1.6E-06 4.9E-07 7.2E-07 1.5E-06 3.6E-06 
   AlFulvate+ molality 3.9E-06 4.5E-06 1.7E-06 3.1E-06 9.2E-07 5.5E-06 1.8E-06 
   AlH3SiO4+2 molality 6.1E-08 6.3E-08 4E-08 7.8E-09 3.2E-08 5.2E-08 6.5E-08 
   Al(OH)2+ molality 2.4E-07 4E-07 1.3E-07 1.5E-07 9.8E-09 1.7E-06 5.4E-07 
   AlHSO4+2  molality 8.7E-13 2.9E-13 3.7E-12 4.3E-14 1.9E-10 7.5E-15 5.6E-12 
   Al(OH)3 molality 7.1E-10 1.7E-09 2.4E-10 1E-09 3.2E-12 4.3E-08 1.8E-09 
   Al(OH)4-  molality 6.7E-11 2.5E-10 1.4E-11 1.9E-10 3.6E-14 3.2E-08 1.4E-10 
 
Sample No T35-2/8 T35-2/9 T35-2/10 T31-2/1 T31-2/2 T31-2/3 MF-2/1 
ICP-MS 
[Al<0.45µm] molality 5.15E-04 3.19E-06 1.00E-03 5.6E-05 6.5E-05 2E-05 9.3E-07 
a Al3+ activty 1.62E-04 7.87E-08 1.72E-04 2.8E-05 2.9E-05 1.2E-05 1.1E-09 
Al3+ molality 2.78E-04 1.08E-07 3.49E-04 3.8E-05 4.1E-05 1.5E-05 1.8E-09 
Al 3+ ppm 7.504 0.003 9.417 1.032 1.116 0.411 
4.82E-
05 
AlSO4+ molality 2.24E-04 4.20E-08 6.23E-04 1.7E-05 2.2E-05 3.9E-06 1.3E-09 
   Al(SO4)2- molality 3.1E-06 2.3E-10 2.2E-05 1.1E-07 1.8E-07 1.4E-08 1.6E-11 
   AlOH+2 molality 9E-06 4.4E-07 5.6E-06 3.6E-07 4E-07 3.1E-07 2.4E-08 
   AlFulvate+ molality 8.5E-07 1.2E-06 1.2E-06 5.4E-07 4.6E-07 6.2E-07 3.6E-07 
   AlH3SiO4+2 molality 2.4E-07 7.9E-09 1.7E-07 1.9E-08 2.1E-08 9.9E-09 1E-09 
   Al(OH)2+ molality 2.1E-07 1.2E-06 7.39E-08 
1.98E-
09 
2.29E-
09 
3.45E-
09 
2.18E-
07 
   AlHSO4+2  molality 3E-09 4.4E-15 2.03E-08 
5.57E-
10 
7.39E-
10 
5.69E-
11 
4.10E-
17 
   Al(OH)3 molality 1.2E-10 7.8E-08 2.29E-11 
2.65E-
13 
3.19E-
13 
9.36E-
13 
4.73E-
08 
   Al(OH)4-  molality 1.6E-12 1.2E-07 1.46E-13 
1.26E-
15 
1.52E-
15 
9.36E-
15 
2.69E-
07 
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Aluminium species derived from geochemical modelling in PHREEQC 
Sample No Herb-2/1 Herb-2/2 Cypress  
ICP-MS 
[Al<0.45µm] molality 3.08E-04 1.15E-04 
4.82E-
05 
a Al3+ activty 6.32E-05 4.75E-05 
2.19E-
05 
Al3+ molality 1.21E-04 7.15E-05 
2.97E-
05 
Al 3+ ppm 3.254 1.928 0.801 
AlSO4+ molality 1.80E-04 4.03E-05 
1.23E-
05 
   Al(SO4)2- molality 5.50E-06 3.60E-07 
7.36E-
08 
   AlOH+2 molality 7E-07 1.7E-06 3.9E-06 
   AlFulvate+ molality 6.2E-07 1E-06 1.8E-06 
   AlH3SiO4+2 molality 1.16E-07 8.96E-08 
1.46E-
07 
   Al(OH)2+ molality 2.37E-09 2.49E-08 
3.19E-
07 
   AlHSO4+2  molality 7.27E-09 6.12E-10 
3.53E-
11 
   Al(OH)3 molality 2.16E-13 8.96E-12 
6.16E-
10 
   Al(OH)4-  molality 9.33E-16 9.72E-14 
3.40E-
11 
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Appendix 5 
Analysed and calculated water chemistry data from dilution experiments 
Time = 573 Hours 
 
 
 
 
 
 
 
 
 
sample 
 
HS0 HS 1 HS 2 HS 3 HS 4 HS 5 HS 6 HS 7 
HS vol ml 249.93 250.15 250.60 250.13 250.35 249.89 250.37 250.19 
MF vol ml 0.00 50.03 100.05 150.17 200.51 250.02 300.11 350.04 
DF 
 
1.000 1.200 1.399 1.600 1.801 2.001 2.199 2.399 
% MF 
 
0.000 16.667 28.533 37.514 44.473 50.013 54.518 58.318 
pH 
 
3.19 3.32 3.41 3.52 3.61 3.7 3.71 3.82 
Diss Al  analysis ICP-MS 
 
ICP-MS 
 
Alum ICP-MS 
 <0.45 mg l  11.400 9.500 8.195 7.000 6.404 4.100 5.200 4.849 
<0.22 mg l  
 
9.800 
 
6.900 
 
4.290 5.100 
 <0.1 mg l  
 
9.200 
 
7.000 
 
4.486 5.100 
 SO4 mg l  160.210 141.918 128.895 119.038 111.401 105.321 100.377 96.207 
SiO2 mg l  17.926 16.150 14.886 13.929 13.188 12.598 12.118 11.713 
Si mg l  8.379 7.549 6.958 6.511 6.165 5.889 5.664 5.475 
Ca mg l  13.872 13.994 14.080 14.145 14.196 14.236 14.269 14.297 
Mg mg l  7.692 7.043 6.581 6.232 5.961 5.745 5.570 5.422 
K mg l  4.120 3.567 3.173 2.875 2.644 2.460 2.310 2.184 
Na mg l  7.417 6.814 6.385 6.060 5.808 5.608 5.445 5.308 
Cl mg l  4.807 4.539 4.349 4.204 4.092 4.003 3.931 3.870 
HCO3 mg l  0.535 3.946 6.374 8.212 9.636 10.770 11.692 12.470 
Alk as 
CaCO3 mg l  0.000 2.833 4.851 6.377 7.560 8.502 9.268 9.914 
Fulvate mg l  0.549 0.499 0.464 0.437 0.416 0.400 0.386 0.375 
DNPOC mg l  1.099 0.999 0.928 0.874 0.832 0.799 0.772 0.750 
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Analysed and calculated water chemistry data from dilution Experiments 
Time = 573 Hours (continued) 
sample 
 
HS 8 HS 9 HS 10 HS 11 HS 12 HS 13 HS 14 HS 15 
HS vol ml 250.26 250.20 249.85 249.86 250.46 250.10 250.25 250.00 
MF vol ml 400.14 450.40 500.05 550.17 600.15 650.19 700.13 751.30 
DF 
 
2.599 2.800 3.001 3.202 3.396 3.600 3.798 4.005 
% MF 
 
61.522 64.288 66.682 68.769 70.555 72.220 73.668 75.032 
pH 
 
3.9 4.03 4.06 4.19 4.3 4.42 4.49 4.61 
Diss Al  analysis ICP-MS 
 
Alum 
 
Alum 
 
ICP-MS 
 <0.45 mg l  4.200 4.178 2.643 3.675 2.196 3.287 2.600 2.492 
<0.22 mg l  4.400 
 
2.749 
 
2.332 
 
2.800 
 <0.1 mg l  4.500 
 
2.236 
 
1.959 
 
2.700 
 SO4 mg l  92.690 89.655 87.027 84.737 82.776 80.949 79.360 77.863 
SiO2 mg l  11.372 11.077 10.822 10.600 10.410 10.232 10.078 9.933 
Si mg l  5.316 5.178 5.059 4.955 4.866 4.783 4.711 4.643 
Ca mg l  14.320 14.340 14.358 14.373 14.386 14.398 14.408 14.418 
Mg mg l  5.297 5.190 5.097 5.015 4.946 4.881 4.825 4.772 
K mg l  2.078 1.986 1.906 1.837 1.778 1.722 1.674 1.629 
Na mg l  5.192 5.092 5.005 4.930 4.865 4.805 4.752 4.703 
Cl mg l  3.818 3.774 3.735 3.702 3.673 3.646 3.623 3.601 
HCO3 mg l  13.125 13.691 14.181 14.608 14.974 15.315 15.611 15.890 
Alk as 
CaCO3 mg l  10.459 10.929 11.336 11.691 11.994 12.277 12.524 12.756 
Fulvate mg l  0.365 0.357 0.350 0.344 0.338 0.333 0.329 0.325 
DNPOC mg l  0.730 0.714 0.700 0.687 0.676 0.666 0.658 0.650 
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Analysed and calculated water chemistry data from dilution Experiments 
Time = 573 Hours (continued) 
sample 
 
HS 16 HS 17 Modelling dilutions only MF-2/1 
 HS vol ml 100.13 100.88 100.00 100.00 100.00 100.00 0.0 
 MF vol ml 400.08 500.17 600.00 700.00 750.00 800.00 600.0 
 DF 
 
4.996 5.958 7.000 8.000 8.500 9.000 
  % MF 
 
79.982 83.216 85.714 87.500 88.235 88.889 100.0 
 pH 
 
5.05 5.31 
    
6.640 
 Diss Al  analysis Alum Alum 
    
0.166 total Al 
<0.45 mg l  0.728 0.468 1.771 1.570 1.488 1.414 0.034 
 <0.22 mg l  0.666 0.309 
    
0.029 
 <0.1 mg l  0.709 0.250 
    
0.025 
 SO4 mg l  72.430 68.881 66.139 64.180 63.373 62.655 50.461 
 SiO2 mg l  9.405 9.061 8.795 8.605 8.526 8.457 7.273 
 Si mg l  4.396 4.235 4.111 4.022 3.985 3.953 3.400 
 Ca mg l  14.454 14.478 14.496 14.509 14.514 14.519 14.600 
 Mg mg l  4.579 4.453 4.356 4.286 4.258 4.232 3.800 
 K mg l  1.465 1.357 1.274 1.215 1.191 1.169 0.800 
 Na mg l  4.524 4.407 4.317 4.252 4.226 4.202 3.800 
 Cl mg l  3.522 3.470 3.430 3.401 3.389 3.379 3.200 
 HCO3 mg l  16.903 17.565 18.076 18.442 18.592 18.726 21.000 
 Alk as 
CaCO3 mg l  13.597 14.147 14.571 14.875 15.000 15.111 17.000 
 Fulvate mg l  0.310 0.300 0.293 0.287 0.285 0.283 0.250 
 DNPOC mg l  0.620 0.601 0.586 0.575 0.570 0.567 0.500 
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Kinetic pH, Electrical Conductivity, Turbidity and Aluminon [Al] 
data for HS0-HS8, from Dilution Experiments. 
 
 
 
 
 
 
 
 
pH Time HS0 HS1 HS2 HS3 HS4 HS5 HS6 HS7 HS8 
 
0 3.19 
 
3.41 
 
3.61 
 
3.71 
 
3.9 
 
1 3.19 
 
3.35 
 
3.51 
 
3.71 
 
3.83 
 
75 
  
3.36 
 
3.52 
 
3.7 
 
3.82 
 
285 3.2 
 
3.2 
 
3.4 
 
3.6 
 
3.8 
 
573 
      
3.8 
 
3.96 
Conductivity Time 
         
 
0 527 
 
397 
 
319 
 
270 
 
236 
 
1 528 
 
394 
 
319 
 
269 
 
239 
 
75 
  
398 
 
330 
 
282 
 
237 
 
285 552 
 
427 
 
384 
 
292 
 
254 
 
573 
      
296.4 
 
258.5 
Turbidity 
(FAU) Time 
         
 
1 6 8 11 10 9 12 13 18 18 
 
75 
 
3 7 
 
18 
 
17 
 
21 
 
285 0 3 12 2 25 16 25 21 17 
Al (aluminon) Time [Diss Al] 
       
 
1 <0.45 
        
  
<0.22 
   
4.814 
    
 
285 <0.45 
        
  
<0.22 
        
 
573 <0.45 
    
4.100 
   
  
<0.22 
    
4.290 
   
  
<0.1 
    
4.486 
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Kinetic pH, Electrical Conductivity, Turbidity and Aluminon [Al] 
data for HS9-HS17, from Dilution Experiments. 
 
pH Time HS 9 HS10 HS11 HS12 HS13 HS14 HS15 HS16 HS 17 
 
0 
 
4.06 
 
4.3 
 
4.49 
 
5.05 5.05 
 
1 
 
4.03 
 
4.24 
 
4.47 
 
4.9 4.9 
 
75 
 
4 
 
4.23 
 
4.49 
 
4.81 4.91 
 
285 
 
3.9 
 
4 
 
4.3 
 
4.7 4.9 
 
573 
 
4.12 
 
4.33 
 
4.54 
 
4.94 5.2 
EC Time 
         
 
0 
 
214.8 
 
198 
 
184 
 
164 163.5 
 
1 
 
215.6 
 
198 
 
183 
 
171 171.1 
 
75 
 
218.2 
 
199 
 
184 
 
171 157.5 
 
285 
 
226 
 
205 
 
190 
 
177 161.1 
 
573 
 
229.8 
 
208 
 
193 
 
181 164.4 
Turbidity 
(FAU) Time 
         
 
1 20 19 27 18 16 14 14 14 16 
 
75 
 
13 
 
13 
 
14 
 
13 14 
 
285 15 13 14 13 12 12 10 12 12 
Al 
(aluminon) Time [Diss Al] 
       
 
1 <0.45 
      
1.107 0.366 
  
<0.22 2.903 
 
1.416 
   
0.829 0.491 
 
285 <0.45 
      
0.807 
 
  
<0.22 2.533 
     
0.745 0.339 
 
573 <0.45 2.643 
 
2.196 
   
0.728 0.468 
  
<0.22 2.749 
 
2.332 
   
0.666 0.309 
  
<0.1 2.236 
 
1.959 
   
0.709 0.250 
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Al Speciation data modelled for selected dilution experiment 
samples.  
Time= 573, [Diss Al]= ICP-MS <0.45µm 
Sample 
 
HS0 HS 1 HS 3 HS 6 HS 8 HS 14 
[Al] molality 4.27E-04 3.52E-04 2.60E-04 1.93E-04 1.56E-04 9.64E-05 
[Al] mg/l 11.400 9.503 7.002 5.202 4.201 2.600 
a Al3+ activity 8.65E-05 7.68E-04 6.19E-05 5.09E-05 4.18E-05 2.65E-05 
Al 3+ mg/l 4.638127 3.993268 3.08129187 2.4024363 1.966145 1.207694 
Al3+ molality 1.72E-04 1.48E-04 1.14E-04 8.90E-05 7.29E-05 4.48E-05 
AlSO4+ molality 2.42E-04 1.97E-04 1.40E-04 9.94E-05 7.85E-05 4.47E-05 
Al(SO4)2- molality 6.90E-06 5.18E-06 3.25E+06 2.04E-06 1.53E-06 7.84E-07 
   AlOH+2 molality 8.62E-07 1.02E-06 1.28E-06 1.57E-06 2.01E-06 4.90E-06 
   
AlFulvate+ molality 8.45E-07 7.68E-07 6.72E-07 5.94E-07 5.62E-07 5.06E-07 
AlH3SiO4+2 molality 1.06E-07 1.13E-07 1.22E-07 1.30E-07 1.57E-07 3.37E-07 
AlHSO4+2 molality 1.61E-08 9.60E-09 4.24E-09 1.92E-09 9.73E-10 1.41E-10 
   Al(OH)2+ molality 2.95E-09 4.76E-09 9.58E-09 1.85E-08 3.70E-08 3.54E-07 
AlOH3 
 
2.58E-13 5.63E-13 1.81E-12 5.43E-12 1.68E-11 6.29E-10 
Al(OH)4- 
 
7.26E-16 2.13E-15 1.08E-14 5.00E-14 2.39E-13 3.47E-11 
        
Sample 
 
HS 15 HS 16 
Calc 86% 
MF 
Calc 89% 
MF MF-2/1 
 [Al] molality 9.24E-05 7.51E-05 6.57E-05 5.24E-05 9.27E-07 
 [Al] mg/l 2.492 2.025 1.771 1.414 0.025 
 a Al3+ activity 2.51E-05 2.11E-05 8.23E-06 4.01E-06 1.13E-09 
 Al 3+ mg/l 1.14051 0.946243 0.36371116 0.1756 4.82E-05 
 Al3+ molality 4.23E-05 3.51E-05 1.35E-05 6.51E-06 1.79E-09 
 AlSO4+ molality 4.18E-05 3.31E-05 1.22E-05 5.69E-06 1.34E-09 
 Al(SO4)2- molality 7.21E-07 5.38E-07 1.88E-07 8.42E-08 1.65E-11 
    AlOH+2 molality 6.12E-06 5.11E-06 1.93E-05 1.49E-05 2.37E-08 
    
AlFulvate+ molality 5.00E-07 4.77E-07 4.51E-07 4.35E-07 3.64E-07 
 AlH3SiO4+2 molality 4.14E-07 3.27E-07 1.15E-06 8.51E-07 1.03E-09 
 AlHSO4+2 molality 9.97E-11 7.86E-11 2.95E-12 8.67E-13 4.10E-17 
    Al(OH)2+ molality 5.83E-07 4.89E-07 1.82E-05 2.22E-05 2.18E-07 
 AlOH3 
 
1.37E-09 1.15E-09 4.18E-07 8.11E-07 4.73E-08 
 Al(OH)4- 
 
9.92E-11 8.32E-11 2.95E-07 9.08E-07 2.69E-07 
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Appendix 6 
Macroinvertebrate Sampling Results 
Taxa 
T35-
2/1 
T35-
2/2 
T35-
2/3 
T35-
2/4 
T35-
2/5 
T35-
2/6 
T35-
2/7 
T35-
2/8 
T35-
2/9 
T35-
2/10 
Ephemeroptera 
         
Ameletopsis  1 
  
1 
 
1 
    
Austroclima  1 9 1 10 
 
36 
    
Coloburiscus  
          
Deleatidium 1 
 
16 15 
 
5 3 
 
1 
 
Ichthybotus 
          
Nesameletus  
          
Zephlebia 
   
1 
 
1 
    
Plecoptera 
          
Austroperla  
 
1 
 
4 
 
8 
    
Cristaperla 
     
1 
    
Megaloptperla  3 
 
2 5 1 
     
Spaniocercoides 
 
14 
 
26 
  
2 
  
Stenoperla  
          
Zelandobius  3 17 53 11 
 
16 
 
1 
  
Trichoptera 
          
Alloecentrella 1 1 1 
  
12 
    
Aoteapsyche 
 
1 1 3 
      
Confluens 
          
Costachorema 
          
Helicopsyche 
          
Hydrobiosella 
 
1 
 
33 
      
Hydrobiosidae 
       
1 
  
Hydrobiosis  
   
1 
 
2 
    
Hydrochorema 
   
2 
      
Hydroptilidae 
  
18 
 
1 
 
165 
   
Olinga 
          
Oxyethira 4 1 
 
1 11 
  
2 2 
 
Paroxyethira 
          
Polycentropodidae 
      
1 
  
Polyplectropus  1 
  
1 
    
1 
 
Psilochorema  1 
 
2 8 1 1 4 2 
  
Pycnocentria 1 
  
4 
 
5 
    
Pycnocentrodes 
   
1 
      
Rakiura 
   
1 
 
2 
    
Tiphobiosis 
         
1 
Triplectides 
          
Zelandoptila 
      
1 
   
Zelolessica 
  
5 
       
Megaloptera 
          
Archichauliodes  2 
        
Appendix 6 
121 
 
Macroinvertebrate Sampling Results 
Taxa 
T35-
2/1 
T35-
2/2 
T35-
2/3 
T35-
2/4 
T35-
2/5 
T35-
2/6 
T35-
2/7 T35-2/8 
T35-
2/9 T35-2/10 
Diptera 
          
Austrosimulium 
 
1 
 
2 
      
Ceratopogonidae 1 3 18 12 19 1 1 
 
3 
 
Chironominae 
        
11 
 
Empididae 
  
2 3 
 
2 1 
   
Eriopterini 2 
 
1 
     
1 
 
Hexatomini 2 
 
1 
 
4 
 
1 
   
Muscidae 
    
4 1 
    
Orthocladinae 9 10 44 275 53 101 33 10 19 3 
Paralimnophila 
   
2 
      
Podonominae 
       
8 
  
Stratiomyidae 
         
1 
Tanypodinae 5 4 3 10 1 11 17 5 13 
 
Tanytarsini 3 1 5 21 
 
7 5 5 
 
1 
Hemiptera 
          
Microvelia 
     
1 
    
Mollusca 
          
Potamopyrgus  
          
Coleoptera 
          
Elmidae (larvae) 7 
  
5 
 
15 2 
   
Hydraenidae (adult) 3 
 
8 
      
Scirtidae 1 
         
'Worms' 
          
Nematoda 
 
7 
 
3 
 
1 1 
   
Oligochaetea 7 17 2 4 1 2 
 
4 
  
Platyhelminthes 
          
Acarina 1 2 
 
7 
 
7 4 6 8 2 
Crustacea 
          
Amphipoda 
  
30 
 
1 4 7 
   
Ostracoda 1 2 1 7 
 
4 
 
2 
  
Paranephrops 
   
1 
      
Taxa Richness 21 18 20 30 12 25 14 13 9 5 
Total Taxa 
Abundance 56 83 220 462 123 247 245 49 59 8 
 
0.30 0.37 0.51 0.2 0.3 0.4 0.7 0.2 0.1 0.1 
%EPT 30.4 37.3 51.4 22.1 32.5 36.4 70.6 18.4 6.8 12.5 
EPT Taxa Richness 10 7 10 17 5 12 4 6 3 1 
EPT Taxa 
Abundance 17 31 113 102 40 90 173 9 4 1 
Mayfly richness 3 1 2 4 0 4 1 0 1 0 
Mayfly Abundance 3 9 17 27 0 43 3 0 1 0 
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Taxa 
 
Herb-2/1 Herb-2/2 MF-2/1 T31-2/1 T31-2/2 T31-2/3 
Ephemeroptera 
      
Ameletopsis  
       
Austroclima  
       
Coloburiscus  
       
Deleatidium 
       
Ichthybotus 
       
Nesameletus  
       
Zephlebia 
       
Plecoptera 
       
Austroperla  
       
Cristaperla 
       
Megaloptperla  
       
Spaniocercoides 
   
13 3 34 
Stenoperla  
       
Zelandobius  
       
Trichoptera 
       
Alloecentrella 
       
Aoteapsyche 
       
Confluens 
       
Costachorema 
       
Helicopsyche 
       
Hydrobiosella 
       
Hydrobiosidae 
       
Hydrobiosis  
    
1 
  
Hydrochorema 
       
Hydroptilidae 
  
17 
 
326 96 11 
Olinga 
       
Oxyethira 
 
1 
 
1 
   
Paroxyethira 
       
Polycentropodidae 
      
Polyplectropus  
       
Psilochorema  
  
1 
 
2 1 1 
Pycnocentria 
       
Pycnocentrodes 
       
Rakiura 
       
Tiphobiosis 
       
Triplectides 
      
1 
Zelandoptila 
       
Zelolessica 
       
Megaloptera 
       
Archichauliodes  
    
11 2 
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Macroinvertebrate Sampling Results 
 
Taxa 
 
Herb-2/1 Herb-2/2 MF-2/1 T31-2/1 T31-2/2 T31-2/3 
Diptera 
       
Austrosimulium 
       
Ceratopogonidae 
  
10 
 
4 
 
2 
Chironominae 
       
Empididae 
  
1 
 
2 
  
Hexatomini 
     
1 1 
Muscidae 
 
4 
 
1 3 3 
 
Orthocladinae 
 
209 52 2 325 485 33 
Paralimnophila 
    
1 
  
Tanypodinae 
     
1 3 
Tanytarsini 
  
1 31 1 
  
Hemiptera 
       
Microvelia 
       
Mollusca 
       
Potamopyrgus  
       
Coleoptera 
       
Antiporus (adult) 
   
2 
   
Antiporus (larvae) 
  
1 
   
Elmidae (larvae) 
       
Scirtidae 
      
1 
'Worms' 
       
Nematoda 
       
Oligochaetea 
  
3 12 2 11 1 
Platyhelminthes 
       
Acarina 
 
3 5 
 
14 37 
 
Crustacea 
       
Ostracoda 
   
9 
   
Paranephrops 
       
        
Taxa Richness 
 
4 8 8 12 10 11 
Total Taxa Abundance 217 90 59 694 649 90 
  
0.0 0.2 0.0 0.5 0.2 0.5 
%EPT 
 
0.5 20.0 1.7 49.3 15.4 52.2 
EPT Taxa Richness 1 2 1 4 3 4 
EPT Taxa Abundance 1 18 1 342 100 47 
Mayfly richness 
 
0 0 0 0 0 0 
Mayfly Abundance 0 0 0 0 0 0 
 
 
